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INTRODUCTION: 

Prostate  cancer  research  has  generally  emphasized  the 
osteoblastic  nature  of  prostate  cancer  metastases  to  bone. 
However,  a  wealth  of  recent  data  documents  the  nearly  universal 
presence  of  excessive  bone  resorption  as  well,  which  participates 
importantly  in  the  associated  bone  pain  and  fractures.  The  goal 
of  this  research  is  to  determine  whether  prostate  cancer  cells 
express  the  extracellular  calcium  (Ca2+0) -sensing  receptor  (CaSR) 
and  whether  the  CaSR  participates  in  a  vicious  cycle  promoting 
excessive  bone  resorption.  This  vicious  cycle  involves  CaSR- 
mediated  secretion  of  the  bone-resorbing  cytokine,  parathyroid 
hormone-related  protein  (PTHrP) ,  by  prostate  cancer  metastatic  to 
bone.  The  secreted  PTHrP  would  produce  further  bone  resorption, 
which  would  elevate  the  local  level  of  Ca2+0,  thereby  stimulating 
further  PTHrP  release  by  the  prostate  cancer  cells,  and  so  forth. 
The  scope  of  the  project  encompasses  four  specific  aims:  (1)  to 
show  that  prostate  cancer  cells  express  the  CaSR;  (2)  to  prove 
that  the  CaSR  mediates  high  Ca2+0-evoked  stimulation  of  PTHrP 
secretion  in  vitro ;  (3)  to  determine  whether  the  CaSR  initiates  a 

paracrine  pathway  producing  transactivation  of  the  epidermal 
growth  factor  receptor  (EGFR) ,  which  then  produces  EGFR-mediated 
stimulation  of  MAPK  and,  in  turn,  increased  PTHrP  production;  and 
(4)  to  document  that  CaSR-mediated  stimulation  of  PTHrP  secretion 
from  prostate  cancer  cells  injected  into  the  femora  of  nude  mice 
contributes  to  the  severity  of  metastatic  bone  disease  by 
knocking  out  the  receptor  using  a  dominant  negative  CaSR 
construct . 

BODY: 

Task  1—To  document  that  prostate  cancer  cell  lines  express  the 
CaSR  (months  1-18)  . 

We  have  completed  the  studies  in  task  1,  which  are  described 
in  detail  in  a  publication  of  this  work  submitted  with  the 
previous  Annual  Report  (1) .  A  PDF  file  of  this  publication  is 
also  appended  to  the  report.  The  results  of  these  studies  are  as 
follows:  Reverse  transcriptase-polymerase  chain  reaction  (RT-PCR) 
with  intron-spanning  primers  amplified  a  product  of  the  expected 
size,  480  bp,  for  having  been  derived  from  authentic  CaSR 
transcript (s) .  In  addition.  Northern  analysis,  carried  out  using 
a  CaSR-derived  riboprobe  and  poly(A+)  RNA  derived  from  both  LnCaP 
and  PC-3  cells,  revealed  a  major  transcript  of  5.2  kb,  which  is 
of  the  same  size  as  the  major  transcript  in  human  parathyroid 
gland  (2) . 

With  regard  to  documenting  the  presence  of  CaSR  protein, 
immunocytochemistry  with  a  polyclonal,  CaSR-specif ic  antiserum 
revealed  specific  staining  of  both  PC-3  and  LnCaP  cells. 
Furthermore,  western  blotting  with  the  same  antiserum  identified 
specific  immunoreactive  bands  of  160-170  kDa  in  PC-3  and  LnCaP 
cells,  comparable  in  size  to  bands  identified  in  the  positive 
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controls--bovine  parathyroid  gland  and  CaSR-transf ected  human 
embryonic  kidney  (HEK293)  cells  (1) . 

Thus  we  have  demonstrated  that  LnCaP  as  well  as  PC-3  cells 
express  both  CaSR  transcript  and  protein.  Note  that  while  we 
originally  proposed  studies  determining  whether  prostate  cancer 
specimens  removed  at  the  time  of  prostatectomy  expressed  CaSR 
transcript (s)  and  protein,  the  contract  for  our  grant  expressly 
forbids  the  use  of  human  anatomical  substances. 

Task  2— To  show  that  the  CaSR  mediates  the  stimulation  of  PTHrP 
secretion  from  prostate  cancer  cell  lines  by  high  Ca2+0  (months  6- 
24)  . 

To  investigate  whether  the  CaSR  mediated  the  stimulatory 
effect  of  high  Ca2+0  on  PTHrP  secretion  from  PC-3  cells  (1),  we 
utilized  polycationic  agonists  (i.e.,  neomycin  and  spermine) 
known  to  activate  the  cloned  CaSR  (3,  4).  The  potencies  of  these 
two  polycations  were  equal  to  or  more  effective  than  high  Ca2+0  in 
stimulating  PTHrP  secretion  from  PC-3  cells.  We  next  used  a 
naturally  occurring,  dominant  negative  construct  of  the  CaSR 
(R185Q)  to  assess  the  CaSR' s  role  in  mediating  high  Ca2+0-evoked 
PTHrP  secretion.  To  achieve  high  efficiency  expression  of  the 
CaSR  in  PC-3  cells,  we  utilized  infection  with  an  adenoviral 
construct  expressing  the  mutated  CaSR.  Compared  to  vector- 
infected  cells,  cells  infected  with  the  dominant  negative  CaSR 
showed  a  substantial  reduction  in  the  stimulation  of  PTHrP 
secretion  by  1.5  and  3.5  mM  Ca2+0  (1),  levels  of  Ca2+0  that  could 
potentially  be  encountered  by  bony  metastases  of  prostate  cancer 
near  sites  of  active  bone  resorption  (5) . 

Task  3— To  investigate  whether  the  CaSR  transactivates  the  EGFR  in 
prostate  cancer  cells  (months  6-24)  . 

In  addition  to  the  studies  accomplished  in  tasks  1  and  2,  we  have 
shown  that  the  CaSR  transactivates  the  EGFR  (see  PDF  file  of  the 
published  paper  appended  to  this  report),  thereby  completing  Task  3. 
Since  the  MAP  kinase,  ERK1/2,  is  a  major  signal  transduction  pathway 
utilized  by  the  EGFR,  we  initially  documented  a  delayed 
phosphorylation  of  ERK1/2  by  Western  blotting.  Maximal  activation 
was  observed  at  30  min,  and  a  strong  signal  persisted  at  60  min  on 
Western  blots  of  phospho-ERKl /2 .  At  120  minutes,  in  contrast,  the 
signal  had  nearly  dissipated.  The  phosphorylation  of  ERK1/2  was 
dose-dependent  with  regard  to  the  level  of  Ca2+0  employed;  the 
strongest  signal  was  observed  with  7.5  mM  Ca2+0,  while  signals  of 
intermediate  intensity  were  observed  at  1.5  and  3.0  mM  Ca2+0. 

In  order  to  document  that  high  Ca2+0-evoked  activation  of  ERK  was 
CaSR-mediated,  we  examined  the  effects  of  the  known  polycationic 
CaSR  agonist,  spermine,  and  of  a  selective  CaSR  activator,  NPS  R- 
467,  on  phospho-ERKl/2 .  Incubation  of  PC-3  cells  with  100  pM 
spermine  for  30  min  increased  the  level  of  phospho-ERKl/2 .  Moreover, 
NPS  R-467  produced  a  much  greater  increase  in  phospho-ERKl/2  than 
did  its  less  potent  stereoisomer,  NPS  S-467.  Since  NPS  R-467  is  10 
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to  100  fold  more  potent  than  NPS  S-467  in  activating  the  CaSR,  our 
results  indicate  that  high  Ca2+0-induced  ERK  phosphorylation  is 
mediated  by  the  CaSR. 

Next,  we  examined  the  effects  of  various  inhibitors  and 
neutralizing  antibodies  to  assess  the  involvement  of  transactivation 
of  the  EGFR  in  CaSR-mediated  activation  of  ERK1/2.  AG1478,  an  EGFR 
kinase  inhibitor,  and  PD98059,  a  MEK1  inhibitor,  inhibited  most  of 
the  high  Ca2+0-evoked  ERK  phosphorylation.  GM6001,  a  pan  matrix 
metalloproteinase  (MMP)  inhibitor,  and  antibodies  against  the  EGFR 
and  HB-EGF  (heparin-bound  EGF)  also  reduced  ERK  phosphorylation, 
consistent  with  the  model  of  transactivation  shown  on  page  7  of  this 
report.  In  contrast,  AG1296,  an  inhibitor  of  the  platelet-derived 
growth  factor  receptor  kinase,  had  no  effect  on  ERK  phosphorylation. 
These  results  provide  indirect  evidence  that  activation  of  the  CaSR 
transactivates  the  EGFR,  but  not  the  PDGFR,  at  least  in  part  through 
activation  of  MMP(s). 

We  next  directly  measured  the  effect  of  high  Ca2+0  on  the  extent 
of  phosphorylation  of  the  EGFR.  Phosphorylation  of  the  EGFR  was 
assessed  using  Western  analysis  with  a  monoclonal  anti- 
phosphotyrosine  antibody  following  immunoprecipitation  of  cell 
lysates  with  a  rabbit  polyclonal  anti-EGFR  antibody.  The  EGFR  was 
phosphorylated  to  some  extent  even  under  basal  (0.5  mM  Ca2+0) 
conditions;  following  10  min  incubation  in  medium  with  7 . 5  mM  Ca2+0, 
however,  the  phosphorylation  of  the  EGFR  increased  and  was  sustained 
for  at  least  30  min. 

We  have  previously  demonstrated  that  high  Ca2+0  stimulates  PTHrP 
secretion  from  PC-3  cells  (1) .  This  action  of  Ca2+0  is  at  least 
partially  mediated  by  the  CaSR,  since  hormonal  secretion  is  reduced 
by  transfecting  the  cells  with  a  dominant  negative  CaSR,  and  known 
CaSR  agonists,  e.g.,  neomycin  and  gadolinium,  promote  PTHrP 
secretion  (1) .  Thus,  we  wondered  if  the  CaSR  might  stimulate  PTHrP 
secretion  through  transactivation  of  the  EGFR. 

High  Ca2+0  dose-dependently  stimulated  PTHrP  secretion  by  PC-3 
cells.  This  stimulation  was  inhibited  by  20  |aM  PD98059  and  by  0.7 
jaM  AG1478.  In  contrast,  1  |aM  AG1296  had  no  effect  on  PTHrP 
secretion.  When  the  cells  were  preincubated  with  anti-HB-EGF 
antibody  for  30  min,  5  jxg/ml  of  the  antibody  significantly 
inhibited  PTHrP  secretion  (by  42%)  even  under  basal  conditions 
(0.5  mM  Ca2+0)  .  At  7.5  mM  Ca2+0,  the  anti-HB-EGF  antibody  likewise 
produced  a  dose-dependent  inhibition  of  PTHrP  secretion.  The 
anti-EGFR  antibody  gave  similar  results  (data  not  shown) . 
Preincubation  with  10  fiM  GM6001  also  reduced  PTHrP  secretion  by 
40%  at  0.5  mM  Ca2+0,  and  by  about  50%  at  3.0  and  7.5  mM  Ca2+0. 

These  findings  indicate  that  EGF  and  HB-EGF  activate  the  EGFR 
even  under  basal  conditions  and  that  high  Ca2+0-induced  PTHrP 
secretion  is  reduced  by  blockade  of  the  CaSR-EGFR-ERK  pathway. 

The  former  result  is  consistent  with  the  presence  of 
phosphorylated  EGFR  at  0.5  mM  Ca2+c  even  following  serum 
starvation.  These  results  are  consistent  with  model  shown  below 
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in  which  activation  of  the  CaSR  stimulates  transactivation  of  the 
EGFR  by  activating  a  currently  unidentified  matrix 
metalloproteinase.  The  latter  then  cleaves  heparin-bound  EGF  from 
its  precursor,  and  the  soluble  HB-EGF  activates  the  EGFR,  thereby 
stimulating  the  activity  of  ERKl/2,  likely  by  a  ras  and  raf- 
dependent  mechanism.  The  activated  ERKl/2  then  stimulates  PTHrP 
secretion,  which  could  participate  in  the  feed-forward  mechanism 
of  enhanced  bone  resorption  described  above. 


Soluble 

ProHB-EGF  HB-EGF 


PTHrP  Synthesis/Secrethm 


Task  4— To  show  that  knocking  out  the  CaSR  reduces  the  severity  of 
bone  resorption  in  the  femora  of  nude  mice  injected  with  PC-3 
cells  (months  6-36)  . 

We  continued  during  months  24-36  the  development  of  PC-3  cells 
stably  transfected  with  a  dominant  negative  CaSR  or  with  the 
corresponding  vector.  We  have  transfected  PC-3  cells  with  a 
standard  mammalian  expression  vector  (pcDNA3)  and  subjected  the 
transfected  cells  to  selection  with  hygromycin.  To  date  we  have 
not  yet  been  successful  in  obtaining  individual,  stably 
transfected  PC-3  clones,  in  part  because  the  cells  grow  very 
slowly  at  low  density.  While  we  have  been  able  to  select  cells 
transfected  with  the  dominant  negative  CaSR  that  grow  in  the 
presence  of  hygromycin,  on  immunocytochemistry  only  about  20% 
were  positive  for  the  CaSR.  During  the  remaining  few  months  of 
the  grant,  we  will  continue  to  develop  individual  clones  of 
stably  transfected  with  the  dominant  negative  CaSR  so  as  to  avoid 
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the  apparent  heterogeneity  in  our  studies  to  date.  In  addition  to 
using  the  pcDNA3  vector,  we  will  also  try  infecting  the  cells 
with  the  rAAV  vector  noted  above  and  selecting  for  stably 
transfected  cells. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

•Documented  the  presence  of  CaSR  transcripts  in  PC-3  and  LnCaP 
cells  as  assessed  by  RT-PCR  and  Northern  analysis. 

•Demonstrated  the  presence  of  CaSR  protein  in  PC-3  and  LnCaP 
cells  as  assessed  by  immunocytochemistry  and  Western  analysis. 
•Shown  that  polycationic  CaSR  agonists  stimulate  PTHrP  secretion 
from  PC-3  cells,  consistent  with  the  CaSR' s  involvement  in 
mediating  high  Ca2+0-evoked  PTHrP  secretion. 

•Documented  reduction  of  high  Ca2+0-stimulated  PTHrP  secretion 
from  PC-3  cells  by  infection  of  the  cells  with  a  dominant  CaSR 
construct,  supporting  the  CaSR' s  mediatory  role. 

•Shown  that  high  Ca2+0  and  EGF  stimulate  ERK1/2  in  PC-3  cells; 
Furthermore,  the  polycationic  CaSR  agonist,  spermine,  and  the 
potent  calcimimetic,  NPS  R-467,  increase  ERK1/2  in  PC-3  cells  to 
a  greater  extent  than  the  less  potent  calcimimetic,  NPS  S-467, 
consistent  with  the  mediatory  role  of  the  CaSR  in  this  action. 
•Demonstrated  that  an  inhibitor  of  the  EGF  receptor  kinase,  a 
matrix  metalloproteinase  inhibitor,  as  well  as  antibodies  against 
the  EGFR  and  HB-EGF  reduce  high  Ca2+0-evoked  ERK  activation, 
consistent  with  the  involvement  of  CaSR-mediated  transactivation 
of  the  EGFR,  via  matrix  metalloproteinase-induced  release  of 
soluble  EGF,  in  ERKl/2  activation. 

•Shown  that  high  Ca2+0-stimulated  PTHrP  secretion  is  reduced  by 
the  EGFR  inhibitor,  the  matrix  metalloproteinase  inhibitor,  and 
the  antibodies  to  the  EGFR  and  HB-EGF,  providing  further  evidence 
that  the  CaSR  transactivates  the  EGFR. 

•Documented  that  high  calcium  stimulates  a  time  dependent 
increase  in  the  tyrosine  phosphorylation  of  the  EGFR,  providing 
direct  evidence  for  CaSR-mediated  transactivation  of  the  CaSR. 

REPORTABLE  OUTCOMES: 

a.  Sanders  JL,  Chattopadhyay  N,  Kifor  0,  Yamaguchi  T,  Brown  EM. 
Ca2+0-sensing  receptor  expression  and  PTHrP  secretion  on  PC-3 
human  prostate  cancer  cells.  Am  J  Physiol  Endocrinol  Metab 
281:E1267-E1274,  2001. 

b.  Yano  S,  Macleod  RJ,  Chattopadhyay  N,  Kifor  0,  Tfelt-Hansen  J, 
Butters  R,  and  Brown  EM.  Calcium  Sensing  Receptor  Activation 
Stimulates  Parathyroid  Hormone  Related  Protein  Secretion  in 
Prostate  Cancer  Cells:  Role  of  Epidermal  Growth  Factor  Receptor 
Transactivation  Bone  35:664-672,  2004. 
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CONCLUSIONS: 

Our  results  support  the  major  underling  hypotheses  driving 
this  research,  namely  that  the  CaSR  mediates  high  Ca2+0-stimulated 
PTHrP  secretion  from  PC-3  cells  and  could  provide  the  basis  for  a 
"feed-forward"  mechanism  in  vivo  that  would  serve  to  aggravate 
the  skeletal  complications  of  prostate  cancer  metastatic  to  bone. 
The  importance  of  this  research  lies  in  the  implication  that  the 
CaSR  could  serve  as  a  therapeutic  target  for  CaSR  antagonists 
that  could  diminish  the  severity  of  the  skeletal  complications  of 
prostate  cancer.  Furthermore,  it  is  possible  that  expression  of 
the  CaSR  in  other  cancers  that  metastasize  to  bone  (e.g.,  breast 
cancer)  could  serve  as  the  mediator  of  a  similar  "feed-forward" 
mechanism  and  thereby  provide  the  basis  for  a  novel  therapy  of 
cancers  other  than  prostate  cancer. 
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Smulers,  Jennifer  t.,  Naibedyn  Chattopndhyay, 
Olga  Kifor,  Tom  Yamaguehi,  and  Echvard  M.  Brown. 
Ca2  *  -sensing  receptor  expression  and  PTHrP  secretion  in 
PC-3  human  prostate  cancer  cells.  Am  J  Physiol  Endocrinol 
Metab  281:  E1267— E1274,  2001. — Prostate  cancer  metasta¬ 
sizes  frequently  to  bone.  Elevated  extracellular  caldum  con¬ 
centrations  (|Ca2  *]rj  stimulate  parathyroid  hormone- related 
protein  (PTHrP)  secretion  from  norma!  and  malignant  cells, 
potentially  acting  via  the  |Ca2+ jo-sensing  receptor  (CaR). 
Because  prostate  cancers  produce  PTHrP,  if  high  (Ca3 ' ]a 
stimulates  PTHrP  secretion  via  the  CaR,  this  could  initiate  a 
mechanism  whereby  ostc-olysis  caused  by  bony  metastases  of 
prostate  cancer  promotes  further  bone  resorption.  We  inves¬ 
tigated  whether  the  prostate  cancer  cell  lines  LnCaP  and 
PC-3  express  the  CaR  and  whether  polycationic  CaR  agonists 
stimulate  PTHrP  release.  Both  PC-3  and  LnCaP  prostate 
cancer  cell  lines  expressed  bona  fide  CaR  transcripts  by 
Northern  analysis  and  RT-PCR  and  CaR  protein  by  immu- 
nocytochemistry  and  Western  analysis.  The  polycationic  CaR 
agonists  [Ca2 + ]<, ,  neomycin,  and  spermine  each  concentration 
dependency  stimulated  PTHrP  secretion  from  PC-3  cells,  as 
measured  by  immunoradiometric  assay,  with  maximal,  3.2-, 
3.6-,  and  4.2-fold  increases,  respectively.  In  addition,  adeno¬ 
virus-mediated  infection  of  PC-3  colls  with  a  dominant  neg¬ 
ative  CaR  construct  attenuated  high  |Ca3  l)o-evoked  PTHrP 
secretion,  further  supporting  the  CaR’s  mediatory  role  in  this 
process.  Finally,  protreating  PC-3  cells  with  transforming 
growth  factor  <TGF>p,  augmented  both  basal  and  high 
[Ca2*]«-stimulnted  PTHrP  secretion.  Thus,  in  PTHrP-secret- 
ing  prostate  cancers  metastatic  to  bone,  the  CaR  could  initi¬ 
ate  a  vicious  cycle,  whereby  PTHrP-induced  bone  resorption 
releases  |Ca2+]„  and  TGF-P  stored  within  bone,  further  in¬ 
creasing  PTHrP  release  and  osteolysis. 

parathyroid  hormone-related  protein;  ion-sensing  receptor, 
osteolysis;  prostate  cancer,  LnCaP  cells;  skeletal  metastases 


prostate  cancer  is  a  common  cancer  and  the  second 
loading  cause  of  cancer  death  in  men  (4).  A  substantial 
percentage  of  elderly  men  have  microscopic  prostate 
cancers,  hut  these  small  lesions  usually  remain  local¬ 
ized  to  the  prostate  and  never  come  to  clinical  atten¬ 
tion.  Nevertheless,  skeletal  complications  of  prostate 
cancer  are  a  difficult  clinical  problem,  causing  dis- 
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nbling  pain  and  other  complications  such  as  fractures 
(101.  Radiation,  hormonal  manipulations,  and/or  che¬ 
motherapy  offer  palliation  but,  unfortunately,  little 
hope  of  cure  for  skeletal  metastases  of  prostate  cancer. 
Therefore,  further  understanding  of  the  biology  of  pros¬ 
tate  cancer  metastatic  to  bone  and  the  development  of 
improved  therapies  of  skeletal  metastases  and  their 
complications  are  important  goals  of  prostate  cancer 
research. 

Recent  studies  have  shown  that  parathyroid  hor¬ 
mone  (PTHt-related  protein  (PTHrP)  is  a  central  me¬ 
diator  of  malignancy-associated  hypercalcemia  and  os¬ 
teolysis.  In  addit  ion  to  causing  most  cases  of  humoral 
hypercalcemia  of  malignancy,  where  skeletal  metasta¬ 
ses  are  absent,  PTHrP,  originally  isolated  from  renal, 
lung,  and  breast  cancers  (7,  37,  39),  is  the  biological 
mediator  in  —70%  of  cases  of  malignant  osteolysis  with 
or  without  hypercalcemia,  particularly  that  caused  by 
common  epithelial  cancers  [i.e.,  breast  (16)|.  Although 
prostate  cancers  metastatic  to  bone  generally  cause 
osteoblastic  lesions,  substantial  increases  in  bone  re¬ 
sorption  also  occur  in  this  setting,  as  assessed  by  bio¬ 
chemical  markers  (10,  24.  40).  Indeed,  markers  of  bone 
resorption  can  1*  higher  in  patients  with  metastatic 
prostate  cancer  than  in  those  with  skelet  al  metastases 
of  breast  cancer  (10).  Prostate  cancers  often  express 
more  PTHrP  than  normal  prostate  epithelial  cells  (1, 
25),  suggesting  that  PTHrP  could  contribute  to  the 
increased  bone  resorption  (10)  in  patients  with  pros¬ 
tate.  cancer  metastatic  to  bone  (1,  25,  38),  PTHrP  se¬ 
creted  by  prostate  cancer  cells  could  then  activate 
osteoclasts  and  potentially  contribute  to  skeletal  inva¬ 
siveness,  bone  pain,  and/or  pathological  fractures. 
Therefore,  further  understanding  of  the  factors  regu¬ 
lating  the  production  and  secretion  of  PTHrP  by  pros¬ 
tate  cancer  cells  could  elucidate  the  mechanisms  un¬ 
derlying  the  excessive  bone  resorption  associated  with 
this  tumor  and  potentially  provide  clues  to  novel  ther¬ 
apeutic  strategies. 

Hie  extracellular  calcium  ([Caa+]e)-sensing  receptor 
(CaR)  is  a  G  protein-coupled  cell  surface  receptor  that 
is  a  central  element  in  [Ca2  ']„  homeostasis  (6).  In 
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parathyroid  colls,  high  (Ca21],,.  by  activating  the  CaR. 
inhibits  PTH  secretion  and  parathyroid  cellular  prolif¬ 
eration  (6),  whereas  in  the  kidney,  stimulating  the 
receptor  reduces  renal  tubular  Caa+  reabsorption  (20). 
Physiological  proof  of  the  CaR’s  key  roles  in  ]Ca2+L 
homeostasis  has  come  from  the  identification  of  hyper- 
and  hypocalcemic  disorders  caused  by  inactivating  or 
activating  CaR  mutations  (5),  respectively,  and  from 
mice  with  targeted  disruption  of  the  CaR  gene  (23). 

In  addition  to  inhibiting  PTH  release  from  parathy¬ 
roid  cells,  the  CaR  stimulates  the  secretion  of  calcito¬ 
nin  from  C  cells  (12, 14)  and  of  ACTH  from  AtT-20  cells 
(11).  Furthermore,  several  studies  have  shown  that 
high  [Ca2  *  ]<,  can  stimulate  PTHrP  release  from  normal 
keratinocytes  (22).  normal  cervical  epithelial  ceils  (28), 
oral  squamous  cancer  cells  (31),  and  JEG-3  cells  (21), 
suggesting  that  the  CaR  could  be  the  mediator  of  high 
[Ca2  M.i-evoked  PTHrP  reloaso-from  both  normaland 
malignant  cells.  In  the  case  of  PTHrP-secreting  pros¬ 
tate  cancers  metastatic  to  bone,  tins  CaR-mediated 
action  could  create  an  inappropriate  “feed-forward” 
stimulation  of  PTHrP  secretion,  causing  release  of 
Ca2+  from  bone  that  would  stimulate  further  PTHrP 
secretion  and  promote  worsening  bone  resorption. 
Moreover,  interrupting  high  [Ca2+l«*-evokcd.  CaR-me- 
diatecl  PTHrP  secretion  from  prostate  cancer  cells  [e  g., 
with  a  CaR  antagonist  (15)]  could  potentially  be  of 
substantial  clinical  benefit  in  this  setting.  The  goals  of 
the  present  study,  therefore,  were  to  determine 
whether  two  commonly  employed  prostate  cancer  cell 
lines,  LnCaP  and  PC-3,  express  the  CaR,  and  if  so, 
whether  this  receptor  participates  in  the  regulation  of 
PTHrP  secretion.  Our  results  suggest  that  the  CaR  is 
expressed  in  and  likely  mediates  high  [Ca-  ‘  |0-induced 
PTHrP  secretion  from  PC-3  cells.  Furthermore,  trans¬ 
forming  growth  factor  (TGFJ-Pi,  stimulates  PTHrP  se¬ 
cretion  from  PC-3  cells  synergistically  with  high 
[Ca2+]„.  suggesting  that  release  of  this  growth  factor, 
along  with  calcium,  during  PTHrP-induced  bone  re¬ 
sorption  could  contribute  to  a  feed-forward  mechanism 
in  which  PTHrP-mediated  osteolysis  associated  with 
prostate  cancers  metastatic  to  bone  begets  worsening 
osteolysis. 

MATERIALS  AND  METHODS 

Cell  culture.  The  LnCaP  and  PC-3  human  prostate  cancer 
celt  lines  were  obtained  from  the  American  Type  Culture 
Collection  (Rockville,  MD  ).  The  cells  were  cultured  in  RPMI- 
1640  medium  supplemented  with  11X7  FCS  and  100  U/ml 
pomcillm-100  pgr'ml  streptomycin.  The  cells  were  grown  at 
37*C  in  a  humidified  5G  CO--  atmosphere  and  were  passaged 
every  5—7  days  with  the  use  of  either  0.255  trypsin-0,53  mM 
EDTA  (LnCaP  cells)  or  0.05%  trypsin-0  53  mM  EDTA  (PC-3 
cells).  All  cell  culture  reagents  were  purchased  from  GIBCO- 
BRL  (Grand  Island,  NY),  with  the  exception  of  FCS,  which 
was  obtained  from  Gemini  Bio-Products,  (Calabasas,  CA). 

Northern  blotting.  Total  RNA  was  prepared  using  TRizol 
reagent  (GIBCO-BRL).  Northern  blot  analysis  was  per¬ 
formed  on  7,5  gg  of  polyfAG  RNA  obtained  using  oligo-dT 
cellulose  chromatography  of  total  RNA  (8),  PolyfA  ’  tenriched 
RNA  samples  were  denatured  and  electrophoresed  in  2.2  M 
formaldehyde- 1%  agarose  gels  along  with  a  0.24-  to  9.5-kb 


RNA  ladder  (GIBCO-BRL)  and  transferred  overnight  to  ny¬ 
lon  membranes  (Duralon;  Stratagone,  La  Jolla,  CA).  A  3aP- 
labeled  rib  op  robe  corresponding  to  nucleotides  1745-2230  of 
the  human  parathyroid  CaR  cDNA  was  synthesized  with  the 
MAXIscript  To  kit  (Pharmacia  Biotech,  Piseataway,  NJ)  with 
the  use  of  Ta  RNA  polymerase  and  [33P]UTP,  Nylon  mem¬ 
branes  were  then  prehybridized,  hybridized  overnight  with 
the  labeled  cRNA  probe  (2  X  10°  cpm/ml),  and  washed  at 
high  stringency  for  30  min  as  described  previously  (35). 
Membranes  were  sealed  in  plastic  bags  and  exposed  to  a 
Phosphorlmager  screen.  The  screens  were  analyzed  on  a 
Molecular  Dynamics  Phosphorlmager  (Sunnyvale,  CA)  with 
the  ImageQuant  program. 

RT-PCR.  Total  RNA  (3-5  jig)  was  used  for  the  synthesis  of 
first-strand  cDNA  (cDNA  synthesis  kit.  GIBCO-BRL).  The 
resultant  first-strand  cDNA  was  used  for  PCR,  which  was 
performed  in  a  buffer  containing  (in  mM);  20  Tris-HCi,  pH 
8.4,  50  KCI,  1.8  MgCla,  and  0.2  dNTP  and  0.4  pM  forward 
primer,  0.4  pM  reverse  primer,  and  1  pi  ELONGASE  enzyme 
mix  (a  Tdg/Pyrococeus  species  Gll-D  DNA  polymerase  mix¬ 
ture:  GIBCO-BRL).  Human  parathyroid  CaR  sense  primer 
5'-CGGGGTACCTTAAGCACCTACGGCATCTAA-3"  and  an¬ 
tisense  primer  5'  -GCTCTAGAGTTAACGCGATCCCAAA- 
GGGCTC-3',  which  are  intron  spanning,  were  used  for  the 
reactions.  To  perform  “hot  start’  PCR,  the  enzyme  mixture 
was  added  during  the  initial  3-min  denaturation  and  was 
followed  by  35  cycles  of  amplification  (30-a  denaturation  at 
94°C,  30-s  annealing  at  47"C,  and  1-min  extension  at  725C). 
The  reaction  was  completed  with  an  additional  10-min  incu¬ 
bation  at  72'C  to  allow  completion  of  extension.  PCR  prod¬ 
ucts  were  fractionated  on  1.5%  agarose  gels.  PCR  products  in 
the  reaction  mixture  wore  purified  using  the  QIAquick  PCR 
purification  kit  (Qiagen,  Santa  Clarita,  CA)  and  were  sub¬ 
jected  to  bidirectional  sequencing  by  employing  the  same 
primer  pairs  used  for  PCR  by  means  of  an  automated  se¬ 
quencer  (AB377;  Applied  Biosystems,  Foster  City,  CA)  as 
previously  described  (35). 

Immunacytochemintry.  A  CaR-spedfic  polyclonal  anti¬ 
serum  (4637)  was  generously  provided  by  Dre.  Forrest  Fuller 
and  Karen  Krapeho  ofNPS  Pharmaceuticals.  This  antiserum 
was  raised  against  a  peptide  corresponding  to  amino  acids 
345-359  of  the  bovine  CaR,  which  is  identical  to  tho  corre¬ 
sponding  peptide  in  the  human  CaR  and  resides  within  the 
predicted  amino-terminal  extracellular  domain  of  the  CaR. 
The  antiserum  was  subjected  to  further  purification  by 
means  of  an  affinity  column  conjugated  with  tho  FF-7  peptide 
(27),  and  tho  affinity-purified  antiserum  was  used  for  inunu* 
nocytochemistry  find  Western  blot  analysis  as  described  in 
the  following  paragraphs.  The  specificity  of  the  antiserum  for 
the  CaR  is  documented  in  results  by  the  use  of  suitable 
positive  and  negative  controls. 

For  immunocytochemistiy,  prostate  cancer  cells  were 
grown  on  glass  coverslips  (27),  fixed  for  5  min.  with  4% 
formaldehyde,  and  then  treated  for  10  min  with  peroxidase 
blocking  reagent  (DAKO,  Carpentaria,  CA)  to  inhibit  endog¬ 
enous  peroxidases.  After  washing  with  PBS,  the  cells  were 
blocked  for  30  min  with  PBS  containing  1%  BSA.  The  cells 
were  then  incubated  overnight  at  4*0  with  the  4637  anti¬ 
serum  (5  ngfinl  in  blocking  solution).  Negative  controls  were 
carried  out  by  incubating  cells  treated  in  an  otherwise  iden¬ 
tical  manner  with  the  same  concentration  of  4637  antiserum 
that  had  been  preabsorbed  with  10  jig/ml  of  the  FF-7  peptide. 
The  cells  were  then  washed,  incubated  with  peroxidase- 
conjugated  goat  anti-rabbit  IgG  (1:100;  Sigma  Chemical,  St. 
Louis,  MO)  and  washed  again,  and  the  color  reaction  was 
developed  using  the  DAKO  AEC  substrate  system  (DAKO)  as 
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before  (27).  The  cells  were  observed  by  light  microscopy  and 
photographed  at  x400  magnification. 

IFestorn  Blotting.  For  Western  blotting,  confluent  mono¬ 
layers  of  LnCaP  and  PC-3  cells  In  6- well  plates  were  rinsed 
with  ice-cold  PBS  and  scraped  on  ice  into  lvsia  buffer  con¬ 
taining  10  nU  Tris-IICl,  pH  7.4, 1  mM  EGTA,  1  mM  EDTA, 
0.25  M  sucrose,  1%  Triton  X-100, 1  mM  dithiothreitol,  and  a 
cocktail  of  protease  inhibitors  (10  pg/ml  each  of  aprotinin, 
loupeptin,  and  ealpnin  inhibitor,  as  well  as  100  pg/ml  of 
Pefabloc)  (26).  The  cells  were  then  passed  though  a  22-gauge 
needle  10  times.  Nuclei  and  other  cellular  debris  were  re¬ 
moved  by  low-speed  centrifugation  (1,000  g  for  10  min),  and 
the  resultant  total  cellular  lysate  in  the  supernatant  was 
used  either  directly  for  SDS-PAGE  or  stored  at  -80’C.  Bo¬ 
vine  parathyroid  cells,  CnR-transfected  HEK-293  cells  (des¬ 
ignated  HEKCaR),  or  nontransfeeted  HEK-293  cells,  in¬ 
cluded  as  positive  (parathyroid  and  HEKCaR)  and  negative 
controls  (nontransfected  IIEK-293  cells),  were  harvested  ac¬ 
cording  to  the  same  protocol. 

Immunoblot  analyses  were  performed  essentially  as  de¬ 
scribed  before  (26,  27).  Aliquots  of  20-40  pg  of  protein  were 
mixed  with  an  equal  volume  of  2x  SDS-Laemmli  gel  loading 
buffer  containing  100  mM  dithiothreitol,  incubated  at  37'C 
for  15  min,  and  resolved  electrophoretically  on  linear  3-10'S 
gradient  gels.  The  separated  proteins  were  then  transferred 
to  nitrocellulose  blots  (Schleicher  &  Schuel,  Keene,  NH)  and 
incubated  with  blocking  solution  (PBS  with  0.25%  Triton 
X-100  and  5%  dry  milk)  for  1  h  at  room  temperature.  The 
blots  were  incubated  overnight  at  4°C  with  affinity-purified 
anti-CaR  polyclonal  antiserum  4637  at  1  [i trill!  with  or  with¬ 
out  preincubation  with  2  pg/ml  of  the  FF-7  peptide  in  block¬ 
ing  solution  with  10c  dry  milk.  The  blots  were  subsequently 
washed,  incubated  with  a  1:2,000  dilution  of  horseradish 
peroxidase-coupled  goat  anti-rabbit  IgG  in  blocking  solution, 
and  washed  five  times  again,  and  protein  bands  were  de¬ 
tected  using  an  enhanced  chemiluminescence  (ECL)  system 
(Renaissance  Kit,  Du  Pont-NEN). 

Adenoviral  infection  of  dominant  negative  CaR  into  PC-3 
cells.  Confluent  PC-3  cells  were  scraped,  dispersed  by  re¬ 
peated  pipetting,  and  then  seeded  in  24- well  plates  (—2.5  X 
103  cells/well).  Approximately  10,000  infective  particles  con¬ 
taining  dominant  negative  CaR  (R185Q)  or  empty  vector  as  a 
negative  control  were  added  to  each  well  at  the  time  the  cells 
were  seeded  in  growth  medium.  The  cells  were  then  cultured 
for  48  h,  washed  with  PBS,  and  then  incubated  with  DMEM 
(containing  0.2%  BSA  and  0.5  mM  [Ca2+|„>  for  2  h.  Addi¬ 
tional  calcium  was  then  added  to  the  wells  ns  needed  to 
achieve  the  final  concentrations  indicated  in  results,  and  tho 
cells  were  incubated  overnight  At  the  end  of  the  incubation, 
conditioned  medium  was  collected  and  subjected  to  FTHrP 
assay  as  described  in  PTIIrP  secretion  studies.  Tho  data  were 
normalized  to  the  amount  of  protein  in  each  well.  Experi¬ 
ments  were  carried  out  using  triplicate  wells  for  each  level  of 
[Ca2t]„. 

PTIIrP  secretion  studies.  For  studies  on  the  effects  of 
various  CaR  agonists  on  PTHrP  secretion,  PC-3  cells  were 
seeded  in  96-  well  plates  (5,000  cells/well)  in  0.15  ml  of  me¬ 
dium  A  (RPMI-1640  supplemented  with  10%  FCS  and  100 
U/ml  penicillin- 100  gg/ml  streptomycin).  After  72  h,  medium 
A  was  carefully  removed,  and  the  subconfluent  cells  in  each 
well  were  rinsed  once  with  0, 15  ml  of  media  m  B  [calcium-free 
DMEM  (GIBCO-BRL)  supplemented  with  4  mM  L-glu- 
tamine,  2%  FCS,  100  U/ml  pc-nicillin- 100  pg/ml  streptomy¬ 
cin,  and  0.5  mM  CaCleJ.  Medium  B  alone  or  medium  B 
supplemented  with  either  additional  CaCla  (to  final  concen¬ 
trations  of  1,  3,  5,  7.5,  or  10  mM)  or  the  polycationic  CaR 
agonists  neomycin  (100  or  300  pM)  or  spermine  (2  mM)  was 


then  added  to  each  well  (0.275  mlAvellX  Six  hours  later,  the 
conditioned  medium  was  removed  for  determination  of 
PTHrP  content.  Triplicate  incubations  were  performed  for 
each  treatment,  and  each  experiment  was  carried  out  at  least 
twice. 

For  studies  on  the  effects  of  pre  treatment  with  TGF-fti  on 
PTHrP  secretion,  PC-3  cells  were  seeded  as  described  earlier. 
After  4S  h,  medium  A  was  carefully  removed  from  each  well, 
and  0.15  ml  of  medium  Ctcalcium-free  DMEM  supplemented 
with  4  mM  L-glutamine,  0.2%:  BSA,  100  U/ml  penicillin- 100 
j-tg/mi  streptomycin,  and  0.5  mM  CuCh)  containing  0,  0.2, 1, 
or5  ngtel  TGF-|3j  was  added  to  each  well.  Twenty-four  hours 
later,  this  '‘pretreatmonff  medium  was  removed  from  each 
well,  the  colls  were  rinsed  once  with  0.15  ml/well  medium  B, 
and  then  medium  B  alone,  or  medium  B  supplemented  with 
additional  CaCls  (to  final  concentrations  of  3,  5,  7.5,  or  10 
mM)  was  added  to  each  well  (0.275  mlAvell).  Six  to  twenty- 
four  hours  later,  the  conditioned  medium  was  removed  for 
determination  of  PTHrP  content.  Triplicate  incubations  were 
performed  for  each  treatment,  and  each  experiment  was 
carried  out  at  least  twice. 

PTHrP  was  measured  in  PC-3  coil-conditioned  medium  bv 
means  of  a  two-site  immunoradiometric  assay  (IRMA;  Ni¬ 
chols  Institute  Diagnostics,  San  Juan  Capistrano,  CA)  that 
detects  PTHrP-{l— 72)  and  has  a  sensitivity  of  0.3  pmol/1  (35). 
PTHrP  assays  were  initiated  immediately  after  removal  of 
the  conditioned  medium  from  the  cell  cultures  to  minimize 
tho  loss  of  PTHrP  that  occurs  with  freeze  thawing  or  other 
manipulations.  PTHrP  concentrations  were  calculated  from  a 
standard  curve  generated  by  adding  recombinant  PTHrP-(  1- 
S6)  to  the  treatment  medium  employed  in  this  study  (i.e., 
unconditioned  medium  B).  Cady  and  the  additional  polyca- 
tionic  CaR  agonists  (neomycin,  spermine)  employed  in  these 
experiments  had  no  effects  in  the  PTHrP  assay  when  added 
in  the  absence  of  PC-3  cell-conditioned  medium. 

To  ensure  that  the  CaR  agonists  employed  In  the  PTHrP 
studies  had  no  significant  effects  on  cell  number  or  viability 
over  the  6-h  treatment  period,  we  employed  the  3-(4,5-di- 
methylfchiazol-2-yi)-2,5-dipheivyItetrazolium  bromide  (MTT) 
assay  (19),  in  which  only  viable  cells  convert  water-soluble 
MTT  to  insoluble  formazan  crystals,  as  described  previously 
(35). 

Statistical  analyses.  A  minimum  of  two  independent 
PTHrP  secret  ion  experiments  were  performed  for  each  of  the 
PTHrP  secretion  studies  described  earlier.  Results  are  pre¬ 
sented  as  means  ±  SE  for  three  determinations,  Data  ware 
analyzed  by  analysis  of  variance  followed  by  Fisher’s  pro¬ 
tected  least  significant  difference  test.  For  all  statistical 
tests,  a  P  value  <0.05  was  considered  to  indicate  a  statisti¬ 
cally  significant  result, 

RESULTS 

Detection  of  CaR  mRNA  in  LnCaP  and  PC-3  cells  by 
Northern  analysis  and  RT-PCR.  Northern  blot  analy¬ 
sis  carried  out  using  a  CnR-specific  riboprobe  on 
po1yfA+)  RNA  isolated  from  LnCaP  and  PC-3  cells 

revealed  a  major  transcript  of . 5.2  kb  (Fig.  1A).  This 

transcript  is  similar  in  size  to  a  major  CaR  transcript 
in  human  parathyroid  gland  (13).  RT-PCR  performed 
with  intrrm-spanning  primers  specific  for  the  human 
CaR  amplified  a  product  of  the  expected  size,  480  bp, 
for  a  CaR-derived  product  In  both  LnCaP  (Fig.  IS,  lane 
2)  and  PC-3  cells  (Fig.  IS,  lane  3).  DNA  sequence 
analysis  of  the  PCR  products  revealed  >99%  sequence 
identity  with  the  corresponding  region  of  the  human 
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Fig.  1.  A:  Northern  felot  analysis  of  extracellular  Ca2>  concentration 
(ICa2 ^D-sensing  receptor  (CaR>  transcripts  in  the  PC ^3  and  LnCaP 
prostate  canwr  cell  linos.  Northern  analj’sis  vra*  performed  on 
poly  (A* )  RNA  isolated  from  the  LnCaP  ( lane  1)  and  PC-3  prostate 
cancer  cell  Knee  (lam  2),  as  described  in  materials  and  methods. 
using  a  human  CaR -specific  ribo probe.  B:  expression  of  CaR  tran¬ 
scripts  as  assessed  by  RT-FCR  using  CaR-specific  primers  in  PC-3 
and  LnCaP  cells.  RT-PCR  was  performed  on  cDNA  prepared  from 
the  same  sample  of  RNA  extracted  from  LnCaP  cells  (lane  2)  or  PC-3 
cells  (lane  3),  as  described  in  materials  and  methods,  using  an 
intron-spanning  primer  pair  specific  for  the  human  CaR.  A  4S0-bp 
amplified  fragment  is  indicative  of  a  product  arising  from  authentic 
CaR-derived  trunaeript(s).  Lane  1  shows  a  DNA  ladder  for  size 
comparison.  No  such  product  was  apparent  vrhencDNA  was  replaced 
with  water  or  the  reverse  transcriptase  was  omitted  from  the  RT 
reactions  (not  shown). 


parathyroid  CaH  cDNA  (not  shown).  These  results  in¬ 
dicate  that  the  PCR  products  derived  from  both  PC-3 
and  LnCaP  cells  were  amplified  from  authentic  CaR 
transcripts). 

Detection  of  CaR  protein  in  LnCaP  and  PC-3  cells  by 
im  m  u  »  ocytoch  em  is  try  and  Western  analysis.  Immuno- 
cytochemistry  with  an  anti-CaR  antiserum  (4637)  re¬ 
vealed  moderate  CaR  staining  in  both  LnCaP  (Fig.  2.4) 
and  PC-3  (Fig.  2 B)  prostate  cancer  cells.  Staining  was 
eliminated  by  preincubating  the  CaR  antiserum  with 
the  specific  peptide  (FF-7)  against  which  it  was  raised 
(Fig.  2,  C  and  D).  Considerable  intracellular  CaR  im- 
munoreaetivity  could  be  observed  in  these  cells,  as  in 
breast  cancer  (35)  and  tone  cells  (43,  44),  which  ex¬ 
press  considerably  less  CaR  protein  than  do  parathy¬ 
roid  cells  (26),  where  the  CaR  displays  a  predominantly 
rim-like  pattern  of  cell  surface  expression.  Western 
blot  analyses  of  proteins  isolated  from  total  cellular 
lysates  of  LnCaP  or  PC-3  colls  by  use  of  the  4637 
antiserum  were  compared  with  those  obtained  using 
protein  preparations  from  HEKCaR  and  bovine  para¬ 
thyroid  cells  ns  positive  controls  and  nontransfected 
HEK-293  cells  as  a  negative  control  (Fig.  3,  A  and  C). 
Although  the  level  of  CaR  protein  expression  in  HEK¬ 
CaR  cells  was  much  higher  than  the  lc-vel  in  LnCaP 
and  PC-3  cells  (Fig.  3A),  the  immunoreactive  bands  in 
the  two  prostate  cancer  cell  lines  of  -  160-170  kDa  are 
comparable  in  size  to  those  of  bands  present  in  the 
positive  controls  (Fig.  3,  A  and  C>.  The  specificity  of 
these  160-  to  170-kDa  CaR-immunoreactive  bands  in 
proteins  from  the  prostate  cancer  cell  lines  was  con¬ 
firmed  by  the  marked  reductions  in  their  intensities 
after  preabsorption  of  the  antiserum  with  the  peptide 


against  which  it  was  raised,  although  nonspecific 
bands  at  lower  molecular  masses  were  not  abolished  by 
the  preabsorption  procedure  (Fig.  SB). 

Figure  3,  C  and  D  further  documents  the  specificity 
of  this  antiserum  for  the  CaR  by  comparing  the  pattern 
of  CaR-immunoreactive  bands  recognized  by  anti¬ 
serum  4637  in  proteins  prepared  from  HEKCaR  cells, 
bovine  parathyroid  ceils,  and  nontransfected  HEK-293 
cells.  There  are  similar  patterns  of  bands  in  HEKCaR 
and  parathyroid  cells,  corresponding  to  various  glyco¬ 
sylated  and  nonglycosylated  forms  of  CaR  monomers 
and  dimers  (3,  42),  but  no  CaR-specific  immunoreac- 
tivity  in  nontransfected  HEK-293  cells,  which  do  not 
express  the  CaR  endogenously.  Figure  3C  also  shows 
more  clearly  the  sizes  of  the  immunoreactive  bands  in 
HEKCaR  cells  than  does  the  overexposed  lane  showing 
these  bands  in  Fig.  3A. 

Effect  of  CaR  agonists ,  TGF'-ii.,  and  dominant  nega¬ 
tive  CaR  on  PTHrP  secretion.  To  determine  whether 
CaR  agonists  modulate  PTHrP  secretion  from  PC-3 
cells,  the  cells  were  treated  with  varying  levels  of 
fCa2+]„  (0.5, 1,  3,  5,  7.5.  or  10  mM),  neomycin  (100  or 
300  pM  in  0.5  mM  [Ca2  4]„)>  or  spermine  (2  mM  in  0,5 
mM  [Ca24],,),  and  PTHrP  in  the  conditioned  medium 
was  determined  by  IRMA  PC-3  cells  produce  a  readily 
measurable  amount  of  PTHrP  at  0.5  mM  [Ca24]„. 
Higher  levels  of  [Ca24]0  stimulated  PTHrP  secretion  In 
a  dose-dependent  manner  (Fig.  44).  At  1,  3,  and  5  mM 
[Ca24].,  PTHrP  secretion  was  increased  1.2-,  1.S-,  and 
1.8-fold,  respectively,  compared  with  that  observed  at 


Fig.  2.  Expression  of  CaR  protein  as  assessed  by  immunocytochern - 
Lsfcry  using  CaR-^pecifie  polyclonal  antiserum  4637  in  PC-3  mul 
LnCaP  colls.  Immunocytochemistry,  carried  out  using  anti-CaR  an¬ 
tiserum  4637  ok  described  in  materials  AND  METHOD®,  revealed 
readily  apparent  immim  (retaining  of  both  cell  line’s,  LnCaP  cells  (A) 
and  PC-3  cells  (B),  which  was  eliminated  by  preincubating  the  CaR 
antiserum  with  the  peptide  FF-7  against  -which  it  was  raised  (O: 
LnCaP  cells;  D:  PC-3  cells)  (x400). 
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Fig,  3,  A  and  B:  expression  of  CaR  protein  as  assessed  by  Western 
blot  analysis  using  CaR-specific  polyclonal  antiserum  4637  in  PC-3 
and  LnCaP  cello.  Western  blot  analyses  of  CaR  proteins  in  whole  cell 
lysates  isolated  from  PC-3  or  LnCaP  prostate  cancer  cells,  or  from 
CaR-tranfceted  HEK-293  (HEKCaR)  cells  as  a  positive  centred,  were 
carried  out  as  described  in  MATERIALS  AMD  METHODS.  Each  protein 
sample,  20  p.g  for  HEKCaR  cells  (rigkt  lanes)  and  40  pg  for  LnCaP 
and  PC-3  cells  (left  and  middle  lanes,  respectively),  was  subjected  to 
SDS-PAG-E.  A  GaR-spedfic  antiserum  4637  was  used  os  described  in 
MATERIALS  AND  METHODS  to  identify  expression  of  CaR  protein  in  the 
resultant  blots  as  indicated  in  the  figure.  B:  results  observed  when 
the  antiserum  was  preabsorbed  with  the  peptide  against  which  it 
vras  raised.  C  and  B:  Western  blots  of  proteins  in  crude  membrane 
preparations  from  bovine  parathyroid  (lane  I),  HEKCaR  (lane  2), 
and  nnntransfected  HEK-293  cells  (lane  3)  using  anti-CnR  antiserum 
4037.  Oi  crude  plasma  membrane  proteins  were  prepared,  SDS- 
PAGE  was  carried  nub  and  Western  blotting  was  performed  as 
described  in  MATERIALS  AND  METHODS.  D:  results  observed  when  the 
antiserum  was  preabsorbed  with  the  peptide  against  which  it  was 
raised.  The  Western  blots  shown  in  A-D  are  representative  of  ^2 
such  blots  for  each  cell  typo. 


0.5  mM  [Caa  %.  (CaZ4jo  at  7.5  and  10  mM  evoked  more 
substantial  increases  In  PTHrP  secretion  (3.0-  and 
3.2-fold,  respectively).  The  polyeationic  CaR  agonists 
neomycin  and  spermine  also  elicited  robust  secretory 
responses:  100  and  300  pM  neomycin  increased  PTHrP 
secretion  3.4-  and  3.6-fold,  respectively,  relative  to  that 
at  0.5  mM  [Ca2+]„,  whereas  2  mM  spermine  induced  a 
4.6-fold  increase  in  secretion. 

Because  TGF-ps  stimulates  PTHrP  secretion  from 
some  cancer  cell  lines  [e.g.,  the  MDA-MB-2’31  breast 


B 


Extracellular  CaJ*  (mM) 


Fig.  4,  A:  effect  of  elevated  levels  of  [Ca2*  ]«*  and  the  polyeationic  CaR 
agonists  neomycin  (Neo>  and  spermine  (Sper)  on  secretion  of  para¬ 
thyroid  hormone-related  peptide  (PTHrP)  from  PC-3  cells.  Celia  were 
treated  for  6  h  with  CaR  agonists,  and  the  conditioned  media  were 
removed  for  determination  of  PTHrP  released  during  the  incubation, 
as  described  in  Materials  AND  METHODS.  There  was  no  difference  in 
the  MTT  colorimetric  assay  for  cells  treated  with  different  concen¬ 
trations  of  CaR  agonists  (not  shown),  suggesting  that  there  was  no 
effect  of  these  agents  on  cell  number  or  viability,  and  results  for 
PTHrP  secretion  are  normalized  to  the  MTT  value  for  that  vre.lt 
Thcro  was  a  statistically  significant  stimulation  of  PTHrP  secretion 
at  £:7.5  iuM  [Ca2-*']o»  as  well  as  in  the  presence  of  neomycin  or 
spermine  (P  <  0,01;  n  — •  3)  relative  to  that  observed  at  0.5  mM 
[Ca2 *],„  Essentially  identical  results  were  observed  in  another  ex¬ 
periment  carried  out  using  the  identical  experimental  protocol  B: 
effect  of  pretroatment  with  transforming  growth  factor  (TGF)-fh  on 
high  lOaa+1orstiniulated PTHrP  secretion  from  PC-3  cells,  Celia  were 
pretreated  overnight  with  0.2,  1,  or  B  ng/ml  of  TGF-fh,  aa  described 
in  MATERIALS  AMD  METHODS,  and  then  incubated  for  0  h  with  the 
indicated  levels  of  [Ca-‘do  PTHrP  in  the  conditioned  medium  was 
then  determined  by  immune,  radio  metric  assay  as  in  A,  »ucl  the 
results  for  PTHrP  secretion  were  normalized  to  the  MTT  value  for 
that  well.  PTHrP  secretion  was  statistically  significantly  stimulated 
at  2:3  mM  lCa2*J<,  (**P  <  0,91  vs.  0.5  mM  lCfi2+h,  alone,  n  "  3.)  and 
with  nil  concentrations  of  TGF-jh  (**P  <  0.01  vs.  0.5  mM  [da34T» 
alone,  n  ~  3;  ++P  <  0.01  vs.  no  TGF-|3i,  n  -  3)  relative  to  the 
respective  basal  values  «t  0.5  mM  [Oaa,lo*  Essentially  identical 
result*  were  observed  in  another  experiment  carried  out  using  the 
identical  experimental  protocol. 
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cancer  cell  line  (35)1,  we  examined  the  possibility  that 
there  might  be  an  interaction  between  TGF-p  and 
(Ca2+|„  on  PTHrP  secretion  in  PC-3  cells.  When  PC-3 
cells  were  pretreated  for  24  h  with  TGF-pi.  a  substan¬ 
tial  dose-dependent  increase  in  both  basal  (i_e.,  at  0.5 
mM  [Ca24].)  and  high  |Ca24]„-stimulated  PTHrP  se¬ 
cretion  was  observed  (Fig.  4S).  Neither  [Ca24!.,  neo¬ 
mycin,  nor  TGF-Pi  had  any  significant  effect  on  the 
MTT  values  obtained  from  the  PC -3  cells  in  this  study, 
and  the  results  of  the  MTT  assay  were  employed  to 
normalize  the  PTHrP  released  in  each  well. 

To  provide  more  definitive  evidence  that  the  CaR 
mediates  high  {Ca24J„-evbked  PTHrP  secretion,  we  ex¬ 
amined  the  effect  of  adenovirus-mediated  infection  of 
PC-3  cells  with  a  dominant  negative  CaR  construct  (2) 
on  [Ca24 [.-stimulated  PTHrP  secretion.  Figure  5 
shows  that  pretreatment  of  PC-3  ceils  with  an  adeno¬ 
viral  vector  encoding  the  dominant  negative  CaR  con¬ 
struct  R185Q  right-shifts  the  stimulation  of  PTHrP 
secretion  by  high  [Ca24l„  and  attenuates  the  response 
observed  at  10  mM  [Ca24J„  relative  to  the  secretory 
response  observed  with  PC-3  cells  infected  with  a  con¬ 
trol  adenoviral  vector. 

DISCUSSION 

The  purpose  of  this  study  was  to  determine  whether 
the  LnCaP  and  PC-3  human  prostate  cancer  cell  lines 
express  the  CaR,  and  if  so,  whether  CaR  agonists 
modulate  PTHrP  secretion  from  them.  CaR  expression 
was  detected  in  LnCaP  and  PC-3  cells  by  both  nucleo¬ 
tide-  and  protein-based  approaches.  Northern  analysis 
performed  on  polyfA4)  RNA  from  each  of  the  two  cel! 
lines  revealed  a  5.2-kb  CaR  transcript  (Fig  1A).  Tin's 
transcript  Is  similar  in  size  to  one  of  the  predominant 
CaR  transcripts  observed  In  human  parathyroid  cells 
(13).  Authentic  CaR  tmnscriptfsi  was  also  detected  by 


Vetfor  Domiftont  negative  CaR 

Fig.  5.  Attenuation  of  high  [Ca2  *]u-3timulntcd  PTIIrP  secretion  from 
PC-3  cells  infected  with  a  dominant  negative  CaR,  Open  bars  show 
PTHrP  accre  tion  in  respon&e  to  elevated  level  a  of  Ca2  *  by  PC-3  oqEs 
infected  with  the  empty  adenoviral  vector;  solid  bars  shfwr  the 
attenuation  of  high  [Ca2  :']^-8timulatcd  PTHrP  secretion  in  the  ooEs 
infected  with  the  dominant  negative  CaR.  ^Significant  inhibition  of 
PTHrP  secretion  from  the  dominant  negative  vs.  vector-infected  colbs 
at  the  indicated  level  of  [Ca2+1o.  Similar  results  were  observed  in 
another  experiment  carried  out  using  the  identical  experimental 
protocol. 


RT-PCR  (Fig.  IB),  performed  using  total  RNA  from 
LnCaP  and  PC-3  cells  followed  by  sequence  analysis  of 
the  PCR  products. 

These  two  prostate  cancer  cell  lines  also  express  CaR 
protein  as  assessed  by  immunocytocheinistry  (Fig.  2) 
and  Western  blot  analysis  (Fig.  3)  performed  using  an 
affinity-purified,  anti-CaR  antiserum  (4637),  As  as¬ 
sessed'  by  Western  analysis,  the  levels  of  CaR  protein 
expression  in  LnCaP  and  PC-3  cells  were  substantially 
lower  than  in  the  positive  controls,  HEKCaR  cells  and 
bovine  parathyroid  cells.  They  are  not  dissimilar,  how¬ 
ever,  from  those  in  several  other  types  of  cells  in  which 
we  have  shown  that  the  CaR  is  expressed  and  modu¬ 
lates  various  biological  responses,  such  as  regulation  of 
Ca2+-activated  K4  channels  (9). 

[Ca24].  and  the  polyeationic  CaR  agonists  neomycin 
and  spermine  each  stimulated  PTHrP  secretion  from 
LnCaP  and  PC-3  cells  in  a  dose-dependent  manner 
(Fig.  3A).  with  maximal  stimulation  occurring  at  7.5— 
10  mM  [Ca24)..  The  levels  of  [Ca2'4].  in  the  vicinity  of 
resorbing  osteoclasts  are  thought  to  be  many  times 
higher  than  the  level  of  systemic  [Ca24].  (i.e.,  as  high 
as  8-40  mM)  (36).  Therefore,  In  the  bony  microenvi¬ 
ronment,  metastatic  prostate  cancer  cells  will  likely 
encounter  levels  of  [Ca24].  at  least  as  high  as  those 
used  in  the  present  studies.  Our  results  are  consistent 
with  those  in  other  cell  types  exhibiting  high  [Ca24']„- 
evoked  PTHrP  secretion,  including  normal  keratino- 
cytes  (22),  normal  cervical  epithelial  cells  (28),  oral 
squamous  cancer  cells  (31),  JEG-3  cells  (21),  and  H-500 
rat  Ley  dig  cells,  a  model  of  humoral  hypercalcemia  of 
malignancy  (34).  The  molecular  mechanism  underly¬ 
ing  [Ca2  ^.-stimulated  PTHrP  secretion  in  these  cell 
types,  however,  is  not  clear.  Our  data  suggest  that  the 
CaR  is  the  likely  mediator  of  tills  effect  in  PC-3  cells, 
because  the  receptor  is  clearly  expressed  in  this  cell 
line  and  PTHrP  secretion  is  stimulated  not  only  by 
elevated  levels  of  [Ca24J„  but  also  by  the  polyeationic 
CaR  agonists  neomycin  and  spermine.  Furthermore, 
adenovirus-mediated  infection  of  the  PC-3  cells  with  a 
dominant  negative  CaR  (R185Q)  (2)  attenuated  and 
right-shifted  high  [Ca24], .-stimulated  PTHrP  secretion, 
providing  additional  strong  evidence  for  mediation  of 
this  action  by  the  CaR.  Others  have  successfully  uti¬ 
lized  transfection  of  CaR-expressing  cells  with  a  differ¬ 
ent  dominant  negative  CaR  construct  (R795W)  to  doc¬ 
ument  the  CaR’s  involvement  in  other  biological 
responses  (30). 

On  the  basis  of  the  present  study  on  PC -3  cells  and  in 
two  breast  cancer  cell  lines  (35),  our  findings  have  clear 
implications  for  the  existence  of  a  feed-forward  mech¬ 
anism  involving  prostate  cancer  cells  metastatic,  to 
bone.  When  prostate  and  breast,  and  possibly  other, 
cancers  metastasize  to  the  skeleton  and  induce  PTHrP- 
mediated  osteolysis,  this  will  lead  to  high  local  levels  of 
|Ca24].  within  the  bony  microenvironment  owing  to 
PTHrP-stimulated  bone  resorption  with  or  without  as¬ 
sociated  systemic  hypercalcemia.  These  high  levels  of 
[Ca24],,  will  elicit  further  PTHrP  secretion  from  the 
cancer  cells,  thereby  exacerbating  the  osteolytic  dis¬ 
ease.  Guise  and  Mtmdy  (18)  have  provided  strong  evi- 
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deuce  for  the  existence  of  a  similar  feed-forward  mech¬ 
anism  involving  the  action  of  TGF-p  released  from 
bone  on  PTHrP-secreting  breast  cancer  cells.  Indeed, 
we  have  shown  that  TGF-p  j.  increases  PTHrP  secretion 
from  PC-3  cells  and  have  also  demonstrated  that 
TGF-|3x  produces  at.  least  an  additive  increase  in  the 
.stimulation  of  PTHrP  secretion  by  high  [Ca2  <  ]„.  The 
mechanism  for  tins  effect  is  not  clear  but  might  involve 
TGF-pi-induced  npregulation  of  the  expression  of  the 
CaR  or  its  signaling  pathways  and/or  of  the  level  of 
expression  of  the  PTHrP  gene,  thereby  increasing  the 
amount  of  PTHrP  available  for  secretion  in  response  to 
an  elevated  level  of  [Ca2+]„.  Because  [Ca2+i„  and 
TGF-p  are  both  released  from  the  bone  matrix  during 
bone  resorption  induced  by  PT  HrP,  they  are  both  avail¬ 
able  to  elicit  further  PTHrP  secretion.  In  effect,  both 
could  cooperate  to  generate  a  vicious  cycle  of  tumor- 
induced  bone  resorption  begetting  further  bone  resorp¬ 
tion  in  the  setting  of  skeletal  metastases  of  prostate  (or 
breast)  cancers.  The  beneficial  actions  of  bisphospho- 
nates  on  the  skeletal  complications  of  metastatic 
breast  cancer  and  on  the  incidence  of  new  metastases 
(17.  32,  41)  could  result,  at  least  in  part,  from  reduc¬ 
tions  in  the  local  concentrations  of  both  |Ca2  f  |„  and 
TGF-p  as  a  result  of  decreased  bone  resorption. 

In  addition  to  Its  potential  role  in  stimulating  PTHrP 
secretion  from  prostate  cancer  cells  metastatic  to  bone, 
the  CaR  could  also  impact  on  tumor  progression,  oste¬ 
olysis,  and,  in  some  cases,  hypercalcemia  by  modulat¬ 
ing  the  proliferation  and/or  apoptosis  of  tumor  cells. 
Recent  studies  have  shown  that  CaR  activation  stim¬ 
ulates  proliferation  in  several  cell  types,  including 
rat-1  fibroblasts  (30).  In  PT Hr  P-p  reducing  tumors,  the 
CaR  could  potentially  increase  proliferation  directly 
and/or  indirectly  by  enhancing  PTHrP  secretion.  In¬ 
deed.  PTHrP  has  been  shown  to  stimulate  the  prolif¬ 
eration  of  H-500  rat  Levdig  cells  in  vitro  and  to  in¬ 
crease  the  rate  of  tumor  growth  in  vivo  when  II-S0O 
cells  are  implanted  subcutaneously  in  rats  (33).  The 
CaR  also  protects  some  cells  against  apoptosis,  as  we 
have  shown  recently  for  AT-3  rat  prostate  cancer  cells 
and  CaR-transfeeted,  but  not  non  transfected,  HEK- 
293  cells  (29),  Therefore,  high  fCa3*]0-evoked,  CaR- 
mediated  st  imulation  of  proliferation  and/or  inhibition 
of  apoptosis  of  prostate  cancer  cells  metastatic  to  bone 
could  clearly  contribute  to  the  progression  of  tumor 
growth  and  potentially  render  the  tumor  cells  resistant 
to  therapy. 

In  summary,  high  [Ca24]0-evoked,  CaR-mediated 
PTHrP  secretion  could  clearly  contribute  to  the  exces¬ 
sive  bone  resorption  recently  recognized  to  be  an  im¬ 
portant  complication  of  prostate  cancer  metastatic  to 
bone.  If,  as  in  PC-3  cells,  the  CaR  modulates  PTHrP 
secretion  in  other  prostate  cancer  cells,  then  the  use  of 
CaR  antagonists  (15)  with  some  degree  of  specificity  for 
prostate  and  other  types  of  cancer  cells  that  metasta¬ 
size  to  bone  and  produce  PTIIrP  and,  therefore,  oste¬ 
olysis  could  potentially  offer  substantial  therapeutic 
benefits  in  this  setting. 


Generous  grant  support  for  this  work  was  provided  by  the  Na¬ 
tional  Institute  of  Diabetes  and  Digestive  and  Kidney  Diseases 

(DK-09S35  to  J.  L.  Sanders  and  DK-4S330  to  E.  M.  Brown),  NFS 

Pharmaceuticals,  and  the  St.  Giles  Foundation  (tc»  E.  M.  Brown). 

REFERENCES 

1.  Asudi  F,  Far  raj  M,  Shari  fi  It,  Malahouti  S,  Antar  S,  and 
Kukreja  R  Enhanced  expression  of  parathyroid  hormone-re¬ 
lated  protein  in  prostate  cancer  as  compared  with  benign  pros- 
tatic  hyperplasia.  Hum  Pathol  27:  1319-1323. 1996. 

2.  Bai  M,  Pearce  SH,  Kifor  O,  Trivcdi  S,  Stauffer  UG,  Thak- 
ker  UV,  Brown  LM  and  Sidnmami  B.  In  and  in  vitro 
characterization  of  neonatal  hyper  pa  r  athrrokli  sni  resulting 
from  a  do  novo,  heterozygous  mutation  in  the  Ca2* -sensing 
receptor  gene:  normal  maternal  calcium  homeostasis  as  a  cause 
of  secondary  hyperparathyroidism  in  familial  benign  hvpocalci- 
uric  hypercalcemia.  J  OVm  Invest  99:  88-96,  1997. 

3.  Bai  M.  Quinn  S,  Trivcdi  S,  Kifor  O,  Pearce  SITS,  Poliak 
MR.  Krapdho  K.  fldicrt  SC,  and  Biwn  EM.  Expression  and 
characterization  of  inactivating  and  activating  mutations  in  the 
human  Ca3*V.sensing  receptor.  J  Bid  Chem  271: 19537—19545, 
1996. 

4.  Boring:  CC.  SfjirtrrwTS,  Tong  T,  and  Montgomery  S.  Cancer 
statistics.  CA  Cancer  J  Clin  44:  7-26,  1994. 

5.  Brown  KM,  Bai  M,  and  Poliak  MR.  Familial  benign  hypocal- 
riuric  hypercalcemia  and  other  syndromes  of  altered  responsive- 
ness  to  extracellular  calcium.  In:  Metabolic  Bone  Diseases  and 
Clinically  Related  Disorders  (3rd  cd.)>  edited  by  S  Krane  and  LV 
Avioli.  San  Diego,  CA:  Academic,  1997,  p.  479-499. 

6.  Brown  EM,  Vnssikv  PM,  Quinn  S,  and  Hebert  SC,  G- 
proteln- coupled.  extracellular  Ca^K '-sensing  receptor:  a  versa¬ 
tile  regulator  of  diverse  cellular  functions.  Yitam  Harm  55: 1-71, 
1999. 

1.  Burt  is  WJ,  Wu  T,  Bunch  C,  Wysolmorski  JJ,  In«ogna  KI, 
Weir  EC,  Broad  us  AE,  and  Sterait  AF.  Identification  of  a 
novel  17,000-dalton  parathyroid  hormone-like  adenylate  cyclase- 
stimulating  protein  from  a  tumor  associated  with  humoral  hy- 
pereakemia  of  malignancy.  J  Bid  Cb.cm  262:  71.51-7156, 1987. 

8.  Ch attopadhvay  N,  Cheng  I,  Rogers  K,  Riecardi  D.  llall  A, 
Diaz  R,  IlebeitSC,  SoybelDI,  and  Brown  EM.  Identification 
and  localization  of  extracellular  Ca*a+ -sensing  receptor  in  rat 
intestine.  Am  J  Physiol  Gastrorntesi  Liver  Physiol  274:  GI22- 
G130, 1998. 

9.  Chatiopadhysiy  N,  Ye  C,  Singh  I)P,  Kifor  O,  Vassibv  PM, 
Bhinohara  T,  Chylnok,  FT  Jr,  and  Brown  EM.  Expression  of 
extracellular  calcium -sensing  receptor  by  human  lens  epithelial 
cells.  Biochem  Biephys  Res  Commxm  233:  $01—805,  1997. 

10.  Coleman  RE,  Skeletal  complications  of  malignancy.  Cancer  89; 
158S-1594,  1997. 

11.  Emanuel  RL.  Adler  GK,  Kifor  O,  Quinn  S«I,  Fuller  F,  Krap* 
cho  K,  and  Brown  EM.  Calcium-sensing  receptor  expression 
and  regulation  by  extracellular  calcium  in  the  AtT-20  pituitary 
cell  line.  Mol  Endocrind  10:  555-565,  1996. 

12.  Froiehel  M,  Zink -Lorenz  A,  llolloschi  A,  II:*  f nor  M,  Flock- 
erzi  V,  and  Raue  F.  Expression  of  a  calcium-sensing  receptor  in 
a  human  medullary  thyroid  carcinoma  cell  line  and  its  contribu¬ 
tion  to  calcitonin  secretion.  Endocrine  logy'  137:  3842-3S48, 
1996. 

13.  Garrett  JE,  Capuano  IV,  ILimmerluml  LG,  Hung  IIC, 
Brown  EM,  lh  bprtSC,  Noraeth  EF,  and  Fuller  F.  Molecular 
cloning  and  functional  expression  of  human  parathyroid  calcium 
receptor  cDNAs.  J  Biel  Chem  270:  12919-12925,  1995. 

14.  Garrett  JE,  Tamir  II,  Kifor  O,  Si  in  in  RT,  Rogers  KV, 
Mithnl  A,  Gagrl  RF,  and  Brown  EM.  Calcitonin-secreting 
cvjlls  of  the  thyroid  express  an  extracellular  calcium  receptor 
gene.  Endocrinology  136:  52 C2 -52 11,  1995. 

15.  Go  won  M,  Stomp  OB.  Dodds  RA,  Jamen  IE,  Votta  HJ, 
Smith  RR,  Bhatnagar  PK,  I  .ago  AM,  Callahan  «JF,  DeJMar 
EG,  Miller  MA,  Nemeth  EF,  and  Fox  J.  Antagonizing  the 
parathyroid  calcium  receptor  stimulates  parathyroid  hormone 
secretion  and  bone  formation  in  osteoponic  rats.  J  Clin  Invest 
195:  1595-16(4.  2009. 

16.  Grill  V,  IIo  I\  Body  JJ,  Johanson  N,  Lee  SC,  Kukit’ja  SC, 
Moseley  JM.  and  Martin  T.I.  Parathyroid  harm  one-rein  ted 


AJP-Endccrtn el  Mctab  *  VOL  281  *  "DECEMBER  2001  ♦  www. ajpendo.org 


DwnbacM  from  ajpenbo, bbysoiogy.org  on  March  11, 2005 


E 1274  CaR  AND  PTHrP  release  in  prostate  cancer 


protein:  elevated  levels  in  both  humoral  hypercalcemia  of  malig¬ 
nancy  and  hypercalcemia  complicating  metastatic  breast  cancer. 
J  Clin  Endocrinol  Metab  73:  1309-1315. 1991. 

17.  Graft***  JC,  Ikrmus  Ml  MM,  do  Mulder  PHM.  and  Bros 
LVAM.  Long-term  follow  up  of  breast  cancer  patients  treated  for 
hypercalcaemia  with  ami  nohydroxy  pro  pyli  dene  bisphosphonate 
(APD).  Breast  Cancer  Res  Treat  25:  277-281,  1993. 

1&.  Guise  TA  and  Mundy  GIL  Cancer  and  bone.  Endow  Rev  19: 
18-64, 1998. 

19.  Hansen  MU,  Nielsen  SE,  and  Berg;  K.  Re-examination  and 
further  development  of  a  precise  and  rapid  dye  method  for 
measuring  cell  growth/ceR  lull.  J  Immunol  Meth cds  119;  203— 
210,  1989. 

20.  Hebert  SC,  Brown  EM,  and  Harris  IIW.  Role  of  the  Ca2+- 
se using  receptor  in  divalent  mineral  ion  homeostasis.  J Exp  Biol 
200;  295-302.  1997, 

21.  Heilman  P,  Heilman  R,  Juliihi  C,  Jwppner  II.  Rast«d  .1, 
Ridefclt  P,  and  Alteration*  G.  Regulation  of  proliferation  in 
JEG'3  cells  by  a  500-kDaCa2*  sensor  and  para  thyroid  hormone- 
related  protein.  Arch  Biochem  Bicphys  307:  379-385,  1993. 

22.  Henderson  J,  Sebatf  M.  R him  .1,  Goltzman  D,  and  Kivmer 
It.  Dys regulation  of  parathyroid  hormone-like  peptide  expres¬ 
sion  and  secretion  in  a  keratinocyte  model  of  tumor  progression. 
Cancer  Res  51:  6521-6528, 1991. 

23.  no  C,  Conner  DA,  Poliak  MR,  Ladd  DJ,  Kifor  O.  Warren 
IIB,  Brown  KM,  Seidrean  JG,  and  Seidmnn  CE.  A  mouse 
model  of  human  familial  hypocalciuric  hypercalcemia  and  neo¬ 
natal  severe  hyperparath>Toidism.  Not  Ger.et  IL  389-394, 1S95. 

24.  Ikcdn  I,  Miura  T,  and  Komlo  I.  Pyridinium  crosslinks  an 
urinary  markers  of  bone  mc-tastosoB  in  patients  with  prostate 
cancer.  Br  J  Urol  77:  102-106,  1,998. 

25.  I  warn  urn  M,  di  Hnnt'Agnese  PA,  Wu  G.  Henning  CM,  Cock- 
fitt  AT,  Duftos  1*1,  and  Ahr.'ih.imsson  PA  Immtmohistochem- 
ical  localization  of  parathyroid  hormone-related  protein  in  hu¬ 
man  prostate  cancer.  Cancer  Res  53:  1724-1726,  1993. 

26.  Kib>r  O,  Diaz  R.  Butters  It,  Kifor  I,  nnd  Brown  EM.  The 
calcium-sensing  receptor  is  localized  in  caveolin-rich  plasma 
membrane  domains  of  bovine  parathyroid  cells.  J  Biol  Chem  273: 
21708-21713, 199& 

27.  Kifor  O,  Moore  FD  Jr,  Wang  P,  Goldstein  M.  V  nasi  lev  P, 
Kifor  I,  Hebert  SC,  and  Brovrn  EM.  Reduced  immunoBtaining 
for  the  extracellular  Ca2r-eeT*8uig  receptor  in  primary  and  ure¬ 
mic  secondary  hyperpn roihym dism.  J  Clin  Endocrinol  Metab 
81:  1598-1696,  1996. 

28.  Kreiner  R,  Shusfik  (’,  Taba.1t  T,  Papavasiliou  V,  and  Got  Le¬ 
man  D.  Pnrathyrotd-horroone-relatcd  peptide  in  hematologic 
malignancies.  Am  J  Med  100:  406-411, 1996. 

29.  IJn  KI,  Chaltopadhyay  N,  Bai  M,  Alvarez  R,  Dang  CV, 
Baralwin  JM.  Brown  EM,  and  Rat  an  RR  Elevated  extracel¬ 
lular  calcium  can  prevent  apoptosis  via  the  calcium-sensing 
receptor.  Biochem  Bicphys  Res  Conxmun  249:  325-331, 1998. 

30.  McNeil  SE,  Hobson  SA,  Nipper  V,  and  Hodland  KD.  Func¬ 
tional  calcium-sensing  receptors  in  rat  fibroblasts  are  required 
for  activation  of  SRC  kinase  and  mitogen-activated  protein  ki¬ 
nase  in  response  to  extracellular  calcium.  J  Biol  Chen  j  273: 
1114-1120,  1996. 

31.  Merry  man  JI.  Cajwn  CC,  McCauley  LK,  Wcrkmristrr  JR, 
Suler  MM.  and  Ros«l  TJ.  Regulation  of  parathyroid  hormone- 
related  protein  production  by  a  squamous  carcinoma  cell  line  in 
vitro.  Lab  Invest  69:  347-354,  .1993, 


32.  Paterson  AH,  PowU«  TJ,  Kants;  JA,  MrCloskey  E,  Hanlon 
J,  and  Ashley  8.  Double-blind  controlled  t  rial  of  oral  elodronate 
in  patients  with  bone  metasta^es  from  breast  cancer.  J  Clin 
Oncol  11;  59-65, 1993. 

33.  Rabhani  SA.  Glade  J,  Liu  B,  and  Goltzman  D.  Regulation  in 
vivo  of  the  growth  of  Leydig  cell  tumors  by  antisense  ribonucleic 
acid  for  parathyroid  hormone-related  peptide.  Endocrinology 
136;5416-5422.199o, 

34.  llizzoli  R,  F«yon  J1IM,  Gra  u  G,  Wohlwond  A,  Sappino  AP, 
anti  IWnjour  JR.  Regulation  of  parathyroid  hormone-related 
protein  production  in  a  human  lung  squamous  cell  carcinoma 
line.  J  Endocrinol  143;  333-341, 1994. 

35.  Sanders  JL,  Ohnliopadhyay  N,  Ki for  O,  Yaroa gudhi  T, 
lluitcrs-  RR,  i*n<l  Brown  EM  Extracellular  calc  i  urn  -sens  ing 
receptor  expression  and  its  potential  role  in  regulating  parathy¬ 
roid  hormone-related  pvptide  secretion  iu  human  breast  cancer 
cell  knee.  Endocrinology  141 ;  4357-4364,  2000. 

36.  Silver  LV  MurriK  1LI,  and  Klhe-rington  DJ.  Micrulectrodo 
.studies  on  the  acid  microenvironment  beneath  adherent  macro¬ 
phages  and  osteoclasts.  Exp  Celt  Res  175:  266-276,  19SS. 

37.  Strewh-r  GJ,  Stem  PH,  Jacobs  JVV,  Eveloff  J.  Klein  RF, 
Leung  SC,  Rosenblatt  M,  and  Nissenaoa  RA  Parathyroid 
hormone-Hke  protein  from  human  renal  carcinoma  cells.  Struc¬ 
tural  and  functional  homology  with  parathyroid  hormone.  J  Clin 
Invest  80: 1803-1807, 1987. 

38.  Sugihara  A,  Wanda  O,  Tsuji  Mj  Tsujtmurn  T,  N  a  kata  Y, 
Akedo  II.  Kntake  T.  and  Tern  da  N.  Expression  of  cytokine® 
enhancing  the  osteoclast  activity,  and  parathyroid  hormone- 
related  protein  in  prvwtatic  cancers  before  find  after  endocrine 
therapy,  an  immunohistochemicol  study.  Oncol  Res  5:  1389— 
1394,  1998. 

35b  Suva  LJ,  Window  GA,  Wi’tlenhall  RE,  Hammonds  RG, 
Moseley  .IM,  DiefcnbadiJagger  II,  Rodda  CP,  Kemp  RE, 
Rodriguez  H,  Chen  KY,  Hudson  F.l,  Martin  TJ,  and  Worn! 
Wl.  A  parathyroid  hormone-related  protein  implicated  in  malig¬ 
nant  hypercalcemia:  cloning  and  expression.  Science  237:  893- 
896,  1987. 

40.  Takeuchi  S,  ;\rai  K,  Saitoh  II,  Yoshida  K,  and  Miura  M. 
Urinary  pyridinobne  and  ckoxypyridiuoline  as  potential  mark¬ 
ers  of  bone  metastasis  in  patients  with  prostate  cancer.  J  Urol 
IBS:  1691-1695.1996. 

41.  Van  Holton- Veraumtvoort  AT,  Hijvi^lOLCkton  F.I,  Her- 
mans  J,  Kroon  HM,  llnrinek  IU,  VermiyP,  Lite  JVV,  Neijt 
JP,  lk'ex  LV,and  B  Itj  ham  G.  Reduced  raorbidify  from  skeletal 
metastasis  in  breast  cancer  patients  during  long-term  bisphoK- 
phonate  (APD>  treatment.  Lancet  2;  983-985,  1987. 

42.  Ward  I)T,  Bniwn  EM,  and  Harris  HW«  Disulfide  bonds  in  the 
extracellular  calci um -polyvalent  cation-sensing  receptor  corre¬ 
late  with  dimer  formation  and  its.  response  to  divalent  cations  in 
vitro.  J  Bio!  Chen s  273:  14476-14483,  1998  . 

43.  YamHRuchi  T,  Chaiiop.nlhyay  N,  Kifor  O,  Butters  RR, 
Sugimoto  T,  Brown  ERL  Mouse  osteoblastic  cell  Hnc  CMC3T3- 
El)  express  extracellular  calcium-sensing1  receptor  and  its  ago¬ 
nists  stimulate  chemotaxis  and  proliferation  of  MC3T2-EI  cells. 
J  Bone  Miner  Re  a  10;  1520-1538,  1998. 

44.  Yainajfiifhi  T,  Chnitopndhyay  N,  Kifor  O,  Ye  C,  Vassikv 
PM,  Sanders  JL>  and  Brown  EM.  Expre.ss.ion  of  a  functional 
extracellular  calcium-sensing  receptor  (OaR)  in  the  human  os¬ 
teoblastic  MG- 63  cell  line.  Am  J  Physiol  Cell  Physiol  2S0:  €382- 
0393.  2001. 


AJP- Endocrinol  Metab  •  VOL  2S1  *  DECEMBER  2001  *  www.ajpendo.ors 


Downloaded  from  ajpendo.piiystology.org  on  March  1 1 , 2005 


BONE 

Ron.-  35  (2004)  6M-6T2  a am  a  -  sasssss  sms  as  aaaa  ast 

wwvv.dss’visr^'m’ €ats/bp  rw> 

Calcium-sensing  receptor  activation  stimulates  parathyroid 
hormone-related  protein  secretion  in  prostate  cancer  cells: 
role  of  epidermal  growth  factor  receptor  transactivation 

Shozo  Yano,®*  R.  John  Macleod,®  Naibcdya  Chattopadhyay,5'  Jacob  Ttelt-I  Jansen,®’1* 

Olga  Kifor,®  Robert  R.  Butters,®  and  Edward  M.  Brown® 

*  Division  of  Endocrinology,  Diabetes  and  Hypertension,  Department  of  Medicine  and  Membrane  Biology  Program,  Brigham  and  Women  s  Hospital* 

and  Harvard  Medical  School,  Boston,  M4  Q2U5f  USA 

hOsteopomsis  and  Bone  Metabolic  Unit  De.par»aent  of  Clinical  Biochemistry  and  Endocrinology.  Copenhagen  University  Hospital  tteidavre, 

DK-2650t  Denmark 

Roeeived  2  January  2004;  revised  8  April  2004;  accepted  13  April  2004 


ELSEVIER 


Abstract 


Wo  lwve  previously  reported  tbat  high  extracellular  CaJf  stimulates  parathyroid  honnone -related  protein  (PTHrP)  release  from  human 
prostate  and  breast  cancer  celt  lines  as  well  as  from  11-500  rat  levdig  cancer  cells,  an  action  mediated  by  the  calcium-sensing  receptor 
(CUR).  Activating  the  C«R  leads  to  phosphorylation  of  mitogen-activated  protein  kinases  (MAPKs)  that  participate  in  PTHrP  synthesis  and 
secretion.  Because  the  CaR  is  a  O  protein-coupled  receptor  (GPCRk  it  is  likely  to  tmnsaetivate  the  epidermal  growth  factor  receptor 
(EOFR)  or  the  plauslei-derived  growtli  factor  receptor  (PDCiFRt.  In  this  study,  we  hypothesized  that  activation  of  the  CaR  transactivaies  the 
EOFR  or  PDGFR,  and  examined  whether  transact ivatinn  affects  FTHrP  sectetion  in  PC-3  human  prostate  cancer  cells.  Using  Western 
analysis,  we  observed  that  tut  increase  in  extracellular  CV+  resulted  in  delayed  activation  of  extracellular  signal-regulated  kinase  (ERIC)  in 
PC-3  cells.  Pre-incubation  with  ACH478  (an  EOFR  kinase  inhibitor)  or  an  EOFR  neutralizing  antibody  inhibited  the  high  Ca^-indnced 
phosphotylittron  of  ERK1/2.  GM6001,  a  pan  matrix  metalloproteinase  (MMP)  inhibitor,  also  partially  suppressed  the  ERK  activation,  but 
AG1296  (a  PDGFR  kinase  inhibitor)  did  not.  High  extracellular  Ca11  stimulates  PTHrP  release  during  a  f>-h  incubation  (1.5-  to  2.5-  and  3- 
lo  4- Slid  increases  in  3.0  and  7.5  mM  Car'*,  respectively).  When  cells  were  preincuhated  with  AGI478,  GM600I,  or  an  antihuman  heparin- 
binding  F,GF  (IIB-EGF)  antibody,  PTHrP  secretion  was  significantly  inhibited  under  basal  as  well  as  high  Gr*  conditions,  while  AG1296 
had  no  effect  on  PTHiP  secretion.  Taken  uigetlier,  these  findings  mdicate  dust  activation  of  die  CaR  tnmsactivsues  the  EGFR,  but  not  die 
PDGFR,  leading  to  phosphorylation  ofERKi/2  and  resultant  PTHrP  secretion,  although  CaR-BGFR-F.RK  might  not  be  the  only  signaling 
pathway  for  PTHrP  accretion.  This  transaetivation  is  most  likely  mediated  by  activation  of  MMP  and  cleavage  of  prohepartn-bindbig  EGF 
(prollB-EGF)  to  1IB-EGF. 
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Introduction 

Prostate  cancer  Is  known  as  the  second  most  deadly 
cancer  in  men  in  the  United  States  f  I }.  In  most  cases, 
prostate  cancer  metastasizes  to  bone,  which  negatively 
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impacts  prognosis  [2J.  Previous  studies  demonstrated  ex¬ 
pression  of  parathyroid  hormone  -related,  protein  (  PTHrP)  in 
norma!  and  malignant  prostate  epithelial  cells  [3,4],  PTHrP, 
which  was  originally  isolated  from  renal,  lung,  am!  breast, 
cancers  in  1987,  plays  an  important  rote  in  normal  hone 
formation,  development  of  mammary  gland,  skin,  and  teeth, 
and  regulation  of  the  contractility  of  smooth  muscle  [5]. 
Because  the  amino  terminus  of  PTHrP  has  structural  simi¬ 
larity  to  PTH,  they  can  act  on  foe  same  receptor,  the  type  I 
PTH  receptor  (PTH1R),  However,  PTHrP  acts  on  cells  in  a 
paracrine,  autocrine,  or  intracrine  fashion,  whereas  PTH  acts 
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in  an  endocrine  manner  [6].  In  the  prostate  gland,  the 
physiological  role  of  PTHrP  is  unknown.  However,  evi¬ 
dence  that  there  is  (1)  higher  PTHrP  expression  in  prostatic 
dysplasia  (prostate  intraepithelial  neoplasia)  than  in  normal 
prostate  epithelium  and  (2)  higher  PTHrP  expression  in 
prostate  carcinoma  than  in  benign  hyperplasia  suggests  that 
there  arc  proffialignant  or  proliferative  effects  of  PTHrP  that 
participate  in  the  pathophysiology  of  pros  tate  cancer  [6  -  8], 

We  have  previously  reported  that  high  concentrations  of 
extracellular  calcium  (Ca^+) stimulate  PTHrP  secretion  from 
rat  H-500  Icydig  cells,  human  embryonic  kidney  cells  stably 
transfected  with  the  calcium-sensing  receptor  (CaR),  human 
breast  cancer  cell  lines,  prostate  cancer  cell  lines,  and  human 
astrocytes,  astrocytomas,  ansi  meningiomas,  and  that  this 
phenomenon  is  mediated  by  the  CaR  expressed  on  these 
cells  [9’~  13],  These  findings  suggest  the  existence  of  a 
vicious  cycle  that  could  contribute  to  fee  pathophysiology 
of  humoral  hypercalcemia  of  malignancy  (HHM)  and 
osteolytic  bone  metastases.  Once  PTHrP -producing  cancer 
cells  metastasize  to  bone,  for  example,  locally  high  levels  of 
Cn2+  could  stimulate  PTHrP  secretion  further.  Excessive 
production  of  PTHrP,  in  turn,  would  elevate  local  or 
systemic  levels  of  Ca„  through  the  PTH1R  expressed  on 
renal  tuhules  and  osteoblasts. 

The  CaR  that  was  first  cloned  from  bovine  parathyroid 
gland  has  a  central  role  in  die  regulation  of  PTH  secretion 
and  calcium  metabolism  [14, 15 j.  Although  the  CaR  is 
expressed  mainly  on  parathyroid  glands,  distal  tubules  of 
the  kidney,  and  the  thyroid  C  cells,  die  receptor  has  been 
identified  in  intestinal  epithelial  cells,  bone  cells,  several 
nephron  segments  other  dian  the  distal  tubule,  and  many 
other  tissues  and  cell  lines  [16j.  The  CaR  activates  MAP 
kinases  (extracellular  signal-regulated  kinase  (ERK),  p38 
mitogen- activated  protein  kinase  (MAPK),  JNK/SAPK)  in 
certain  cells,  which  may  mediate  some  of  the  known  bio¬ 
logical  actions  of  the  CaR  [17-21  J.  In  previous  reports,  we 
have  demonstrated  that  the  MAP  kinase  pathways  play  key 
roles  in  CaR-stimulatcd  PTHrP  secretion  [10,21].  However, 
it  remains  unclear  how  the  CaR  activates  MAP  kinases. 
Because  the  CaR  is  a  member  of  the  superfamily  of  G 
protein-coupled  receptors  (GPCR),  wc  hypothesized  that 
the  CaR  activates  receptor  tyrosine  kinases  (RTKs),  such 
as  the  epidermal  growth  factor  receptor  (EGFR)  or  platelet- 
derived  growth  factor  receptor  (PDGFR)  and,  in  turn, 
MAPKs.  Recent  evidence  suggests  that  transactivation  of 
the  EGFR  by  GPCRs  is  mediated  by  activation  of  one  or 
more  metalloproteinase*  (MMPs),  which  dcavc  proheparin- 
bi.ndin.gEGF  (proHB-EGF)  to  release HB-EGF  [22,23].  This 
mechanism  of  GPCR-lnduced  EGFR  activation,  which  has 
been  called  the  “ttiple-mcTnhrane-passing  signaling"  model, 
has  been  widely  accepted  [24].  Thus,  we  wondered  if  the 
CaR  could  also  transactivatc  the  EGFR.  In  this  study,  we 
show  that  the  CaR  transactivates  the  EGFR  at  least  in  part  via 
metalloproteinase  activation,  followed  by  ERK  phosphory¬ 
lation,  and  that  CaR -induced  EGFR  transactivation  stimu¬ 
lates  PTHrP  secretion  in  PC-3  human  prostate  cancer  ceils. 


Materials  and  methods 
Materials 

Selective  inhibitors  of  MEK1  (PD98G59),  EGFR  kinase 
(AG  1478),  PDGFR  kinase  (AG  1296),  and  pan  MMPs 
(GM6001)  were  all  obtained  from  Calbiochem-Novabio- 
chcm  (San  Diego,  CA),  Neutralizing  antibodies  against 
EGFR  and  HB-EGF  were  obtained  from  R&D  Systems 
(Minneapolis,  MN).  Polyclonal  antisera  to  EGFR  am!  a 
mouse  monoclonal  antibody  against  phosphotyrosine 
PY99  were  purchased  from  Santa  Cruz  Biotech  (Santa  Cruz, 
CA).  A  polyclonal  antiserum  to  phospho related  ERK  1/2 
and  a  mouse  monoclonal  antibody  against  ERK2  were 
purchased  from  New'  England  Biolabs  (Beverly,  MA).  The 
enhanced  chemiluminescence  kit  Supcrsigna!  was  pur¬ 
chased  from  Pierce  (Rockford,  IL).  Protease  inhibitors  were 
from  Boeliringer  Ingelheim,  and  all  other  reagents  were 
from  Sigma  (St  Louis,  MO). 

Cell  culture 

The  PC-3  human  prostate  cancer  cell  line  was  obtained 
from  the  American  Type  Culture  Collection  (Rockville, 
MD).  The  cells  were  cultured  in  RPMI  1640  medium 
supplemented  with  10%  fetal  bovine  serum  (FBS)  and 
100  U/ml  penicillin- 100  pg.'ml  streptomycin  and  grown 
at  37®C  in  a  humidified  5%  CC2  atmosphere.  Ceils  were 
passaged  every  4-5  days  using  0.05%  trypsin-  0.53  mM 
EDTA.  FBS  was  obtained  from  Gemini  Bio-Products  (Cal- 
abasas,  CA),  and  other  cell  culture  reagents  were  purchased 
from  GiBCO-BRL  (Grand  Island,  NY). 

PTHrP  secretion  studies 

PTHrP  secretion  from  PC-3  cells  was  determined  using 
the  same  system  as  previously  described  [12].  Briefly,  for 
studies  on  the  effects  of  the  CaR  agonist  CaJ;1  and  various 
inhibitors  on  PTHrP  secretion,  cells  were  seeded,  in  96-well 
plates  (5  x  10*  cdlsAvcE!)  in  0.15  ml  of  growth  medium. 
After  72  h,  the  growth  medium  was  removed  and  replaced 
with  0.15  ml  of  Ca2t-free  DMEM  Containing  4  mM  t,- 
glutamine,  0.2%  BSA,  100  U/ml  penicillin-100  pg/ral 
streptomycin,  and  Cf.5  mM  CuCT  for  2  k  Cells  were  then 
pre incubated  for  30  min  with  specific  inhibitors  or  neutral¬ 
izing  antibodies  in  scrum-free  medium  containing  0,5  mM 
Ca'’  following  which  the  medium  was  removed  and 
replaced  with  0.275  ml  of  the  same  medium  or  that 
supplemented  with  additional  CaCfe  (to  a  final  eriricentra* 
tfcm  of  1,5,  3.0,  or  7.5  mM)  and  appropriate  inhibitors  or 
neutralizing  antibody  for  6  h.  The  conditioned  medium  was 
collected  to  measure  PTHrP  content  Each  experiment  was 
carried  out  at  feast  three  times,  and  duplicate  incubations 
were  performed  for  each  treatment, 

PTHrP  was  measured  in  conditioned  medium  using  a 
two-site  immunoradiometrie  assay  (Nichols  Institute  Diag« 
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nos  tics,  San  Juan  Capistrano,  CA)  that  detects  PTHrP  (1- 
72)  with  a  sensitivity  of  approximately  0.3  pm  d/1.  PTHrP 
assays  were  initiated  immediately  after  collection  of  the 
conditioned  medium  to  minimize  degradation  of  the  peptide 
resulting  from  freeze -thawing  and  other  manipulations. 
Standard  curves  of  PTHrP  concentrations  were  generated 
with  the  addition  of  recombinant  PTHrP  (1-86)  to  the 
treatment  medium  used  in  this  study  (i.c,,  unconditioned 
Ca2+-ftec  BMEM  containing  0.5  mM  CaCi2).  Calcium  and 
other  reagents  alone  had  no  effect  on  the  PTHrP  assay  when 
added,  in  the  absence  of  PC-3  cell  -conditioned  medium. 

Western  blot  analysts 

For  the  determination  of  ERK1/2  phosphorylation, 
monolayers  of  PC-3  cells  were  grown  in  6-wclI  plates. 
When  cells  reached  50%  conttucocy,  they  were  incubated 
for  48  h  in  scrum -free,  Ca2*-frec  DMEM  containing  4  miVf 
L-glutaminc,  0,2%  BSA,  and  0.5  mM  C ;CSa.  This  medium 
was-  then  removed  and  replaced  with  the  same  medium 
supplemented  with  cither  7.5  mM  CaCl2  alone  or  30  ng'ml 
EGE  All  inhibitors  and  neutralizing  antibodies  were  pre- 
incubated  30  min  before  incubating  the  ceils  in  test  medium 
for  the  specified  period  of  time  as  described  in  Results.  At 
the  end  of  the  incubation  period,  the  medium  was  removed, 
the  cells  were  washed  twice  with  ice-cold  phosphate-buff¬ 
ered  saline  (PBS)  containing  1  mM  sodium  vanadate  and  25 
mM  NaF,  and  then  100  ul  of  ice-cold  lysis  buffer  was  added 

(20  mM  Tris . HC1,  pH  7.4,  150  mM  KaCl.  1  mM  EDTA,  1 

mM  EGTA,  25  mM  NaF,  1%  Triton  X-100,  10%  glycerol,  1 
mM  difoiotbreitol,  1  mM  sodium  vanadate,  50  mM  glycer¬ 
ophosphate,  and  a  cocktail  of  protease  inhibitors).  These 
were  aprotinin,  leupeptin,  soybean  trypsin  inhibitor,  pepsta- 
tin,  and  calpain  inhibitor  (10  pg/ml  of  each),  as  well  as  100 
pg/ml  of  PefabloC;  all  were  added  from  frozen  stocks, 
except  sodium  vanadate,  which  was  freshly  prepared  on 
the  day  of  the  experiment  The  ceils  were  scraped  into  the 
lysis  buffer,  sonicated  for  10  s,  and  then  centrifuged  at  6000 
x  g for  5  min  at  4 aC.  The  Supernatants  were  kept  at  — 20“C. 
These  protein  samples  were  saved  for  Western  blotting  as 
previously  described  [21].  Briefly,  equal  amounts  of  super¬ 
natant  protein  were  separated  by  SDS-PAOE.  The  separated 
proteins  were  cleetraphoreticalfy  transferred  to  nitrocellu¬ 
lose  membranes  (Schleicher  and  Schucli)  and  incubated 
with  blocking  solution  (10  mM  Tris  HCi,  pH  7,4,  150 
mM  KaCl,  1%  Triton  X-100,  and  0.25%  BSA)  containing 
5%  dry  miik  lor  at  least  1  h  at  room  temperature.  ERK  1/2 
phosphorylation  was  detected  by  immunoblotting  using  an 
1 8-h  incubation  with  a  1 :1000  dilution  of  a  rabbit  polyclonal 
antiserum  specific  for  phospho-ERK  1/2 .  Blots  were  washed 
for  live  15-rnin  periods  at  room  temperature  (1%  PBS,  1% 
Triton  X-100,  and  0.3%  dry  miik  i  and  then  incubated  for  1 
h  with  a  second,  goat  anti-rabbit,  per  oxidase -1  inked  antise¬ 
rum  (1:2000)  in  blocking  solution.  After  washing  the 
membrane,  bands  were  visualized  bv  chemiluminescence 
according  to  the  manufacturer's  protocol  (Supersignal, 


Pierce  Chemical).  The  same  membrane  was  used  after 
stripping:  (Restore  Western  Blot  Stripping,  Pierce)  for  deter¬ 
mination  of  total  ERK2  to  confirm  equal  loading  of  all  the 
lanes.  Protein  concentrations  were  measured  with  the  Micro 
BCA  protein  kit  (Pierce), 

immumprtxipitafion 

After  serum  starvation  for  at  least  48  h,  cells  were 
stimulated  with  7.5  mM  Ca2‘  as  described  above.  At  the 
indicated  time  points,  cells  were  washed  with  ice-cold  PBS 
and  lysed  with  immunoprecipitation  buffer  containing  150 
mM  KaCl.  1 0  mM  Tris,  pH  7.4, 1  mM  EDTA,  1  mM  EGTA, 
1%  Triton  X-100,  0.2  mM  sodium  vanadate,  and  protease 
inhibitors  (as  described  above).  The  cell  lysate  was  centri¬ 
fuged  at  10,000  X  g  for  10  min.  For  immunoprecipitation, 
equal  amounts  of  protein  were  incubated  with  polyclonal 
EGFR  antibody  overnight,  and  then  incubated  with  protein 
A/G  agarose  heads  for  a  ftiTther  1  h  at  4  C.  Bound  immune 
complexes  were  washed  three  times  with  immunoprecipita¬ 
tion  buffer  containing  protease  and  phosphatase  inhibitors 
and  detergents.  The  pellet  was  eluted  by  boiling  for  5  min 
with  2  x  Laemmli  sample  buffer.  Supernatant  proteins  were 
separated  by  7.0%  SDS-PAGE,  transferred  to  nitrocellulose 
membranes,  and  immunobfotted  with  monoclonal  antiphos- 
photyrosinc  antibody  (PY99).  The  snipped  membrane  was 
then  reblotted  with  EGFR  antibody. 

Statistics 

The  data  are  presented  as  the  mean  +  SB  of  the  indicated 
number  of  experiments.  Data  were  analyzed  using  one-way 
ANOVA  or  Student’s  r  test  A  P  value  of  <0,05  was 
considered  to  indicate  a  statistically  significant  difference. 


Results 

Wc  have  previously  reported  that  ERK  activation  plays  a 
critical  role  in  high  C a2 '-induced  PTHrP  secretion,  and  that 
high  Caf  produces  a  delayed  phosphorylation  of  ERK  i/2 
in  the  cell  types  studied  to  date  [10,21],  In  PC-3  cells,  we 
also  continued  a  delayed  phosphorylation  of  ERK  1/2  by 
Western  blotting  (Fig.  1  A).  Maxima!  activation  was  present 
at  30  min  in  all  three  independent  experiments,  and  this 
signal  started  to  disappear  at  60  mire  The  magnitude  of  the 
phosphorylation  of  ERK. 1/2  is  dependent  on  the  Ca,2+ 
concentration  employed,  as  the  strongest  signal  was  ob¬ 
served  with  7.5  mM  while  intermediate  signals  were 
observed  with  1.5  and  3.0  mM  Ca/‘  (Fig.  IB), 

CaR  activates  ERK 

To  make  sure  that  the  ERK  activation  is  mediated  by  foe 
CaR,  we  examined  the  effects  of  a  known  CaR  agonist 
(spermine)  and  of  a  selective  Call  activator  (KPS  R-467) 
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Fig.  2.  High  Ckl '-induced  ERE  phosphorylation  is  mediated  by  EGFR 
starvation.  Cells  woe  serum  starved  overnight  and  prdneutrated  with  the 
inhibitors  or  antibodies  indicated.  The  edls  wot  then  treated  with  0.5  and 


g.  1 ,  High  OaJ,1'  activates  ERE  via  the  CaR  in  PC-3  ceils.  Cells  were 
ium  starved overnight  in  test  madhaa  (0.5  mM  C£+)  and  was  stimulated 
'  medium  with  7.5  mM  Ca],'.  Protein  was  collected  at  each  time  point  for 
extern  blotting  (A).  Incubation  with  30  ngM  EGF  for  10  min  served  as  a 
sitivs  control.  Equal  amounts  of  total  cellular  protein  were  sqrarated  by 
Ktmphorcsis  using  12%  polyacrylamide  gels,  transferred  to  nitrocdtulrwe 
5mb1ar.es,  and  analysed  by  inimursjbtotting  using  a  polyclonal  antibody 
airest  phsaspborytated  ERE  1/2  and  a  rooncctonal  antibody  against  ERK2 
otein.  Cells  were  also  stimulated  with  various  concentrations  atl?£,*  (  B) 
d  CaR  agonists  (C)  for  30  min.  Experiments  were  repeated  three  times, 
d  the  data  from  a  representative  one  ate  shown. 


7.5mMCa£+  in  tsr.es  1  andl-R,  respectively, for  30min..  Equal  atmnints 
of  total  cellular  protein  were  separated  by  electrophoresis  on  12% 
polyacrylamide  gels,  transferred  to  nitnKelhrlose  ir,  me  brants,  and  analyzed 
by  inanunoblotting  using  a  potydonat  antibody  against  phoqdtorybtcd 
ERE  1/2  and  a  monoclonal  antibody  against  ERK2  protein.  Experiments 
were  repeated  three  tiroes,  and  the  data  shown  are  similar  to  those  from  the 
other  two  experiments. 

kinase  inhibitor,  did  not  affect  the  level  of  ERK  phosphor¬ 
ylation.  These  findings  suggest  that  activation  of  the  CaR 
results  in  Iransaetivation  of  the  EGFR,  but  not  of  the 
PDGFR,  at  least  in  part  through  activation  of  MMP(s). 

Finally;  we  examined  the  extent  of  phosphorylation  of 
the  EGFR  using  immunoprecipitation.  Phosphorylation  of 
the  EGFR  was  assessed  using  Western  analysis  with  a 
monoclonal  anti-phosphotyrosinc  antibody  following  iftv 
munoprecipimtion  of  cell  lysates  with  a  rabbit  polyclonal 
anti-EGFR  antibody.  Fig.  3  shows  that  the  EGFR  was 
phpspbory kited  to  some  extent  even  under  basal  (0.5  mM 
Ca*4)  conditions;  afier  10- min  incubation  in  medium  with 
7.5  mM  CaJ4,  however,  the  phosphorylation  of  the  receptor 
increased  and  was  sustained  for  at  feast  30  min. 


!5J.  When  cells  were  incubated  with  100  pM  spermine  for 
)  min,  the  signal  was  increased  over  basal  activity  (Fig. 
3),  In  addition,  a  much  stronger  signal  was  observed  in 
:11s  incubated  with  NPS  R-467  than  those  exposed  to  the 
ss  potent  stereoisomer  NPS  S-467.  Because  NPS  R-467  is 
)-  to  100- fold  more  potent  than  NPS  S-467  [25],  our 
suits  indicate  that  high  Gig1 -induced  ERK  phosphoryla- 
in  is  mediated  by  the  CaR. 
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Next,  we  examined  the  effects  of  various  inhibitors  and 
tutralizing  antibodies  as  described  below.  In  Fig.  2, 
G 1 4 78,  which  is  an  EGFR  kinase  inhibitor,  and 
D9SD59,  which  is  a  MEK1  inhibitor,  inhibited  most  of 
e  high  Cao  -induced  ERK  phosphorylation.  GM6001 ,  a 
in  matrix  metalloproteinase  (MMP)  inhibitor,  and  anti- 
rdies  against  the  EGFR  as  well  as  HB  EOF  also  dhnin  • 
had  ERK  phosphorylation.  However,  AG  1296,  a  PDGFR 


tig.  3.  High  CaJC  infixes  EGFR  pfcosphoiy  htion  in  PC-3  ceils.  Cells  WOT 
scrota  starved  for  48  h  in  test  medium  (0.5  mM  OaJ;  *)  and  were  stimulated 
by  medium  with  7.5  mM  t‘a],+  Cells  were  lysed  to  colled  protein  at  each 
time  paint  Total  EGFR  protein  was  immunopreeipitated  with  a  polyclonal 
EGFR  antibody  and  subsequent  addition  of  protein  A/G  agarose;  The 
protein  samples  were  separated  by  deetraphorssis  on  7.014  polyacrylamide 
gels,  transferred  to  nitrocellulose  membranes,  and  imroisnoMotted  wits  a 
monoclonal  antibody  against  phosphotyroxine  (PYP9).  The  membrane  was 
stripped  ana  rcblottcd  with  a  palyetonat  antibody  gainst  foe  EGFR.  For 
more  details,  sat  Materials  and  methods. 
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Fig.  4.  Effects  of  inhibilors  of  fc  phospbnirj’lation  of  MKK1,  EGFR,  and  PBGER  on  high  Ct&Mnduead  F'TH  rP  secretion  in  PC-3  cits,  Cdts  were  washed 
once  wills  test  medium  (0.5  mM  d and  incubated  for  6  h  intestrnaftamwith  various  ( % '  concentrations  after  pro-incubation  with  or  without  inhibitors  for 
30  min.  Use  conditioned  medium  was  collected  to  determine  the  amount  of  PTHrP  released  during  the  incubation.  PTIErP  secretion  was  rocasurcdby  IRMA  as 
described  in  Materials  and  methods,  and  was  expressed  as  fold  increase  (pereent)  relative  to  coned,  tf  -  3,  mean  ±  SEM;  *P  <  0.05  vs.  0.5  mM  CaiJ*,  *P  < 
0,05  vs.  IK)  inhibitor  group  in  corresponding  CidA 


Effect  of  EGFR  and  PDGFR  inhibitors  on  PTHrP  secretion  However,  I  jtM  AG  1296  did  not  affect  PTHrP  secretion, 

When  the  cells  were  preincubated  with  anti -HB- EOF  anti* 
We  have  previously  demonstrated  that  high  CaJ*  stint-  body  for  30  min,  5  pg/rrtl  of  the  antibody  significantly 

u kites  PTHrP  secretion  in  PC-3  Cells  [  12],  This  action  of  CaJ1  inhibited  PTHrP  secretion  (by  42%)  even  under  basal  con- 

is  at  least  partly  mediated  by  the  CaR,  because  hormone  dittons(05  mMCaj'XFig.  5).  At7.5  mMCaf/.theanti-HB- 

secretion  is  attenuated  after  trans  fection  of  the  cells  with  a  EOF  antibody  suppressed  PTHrP  secretion  in  a  dose-depen- 

daminant  negative  CaR,  and  known  CaR  agonists,  for  exam-  dart  fashion  The  anti- EGFR  antibody  gave  similar  results 

pie,  neomycin  and  gadolinium,  promote  PTHrP  secretion  (data  not  shown).  Pre-incubation  with  10  jiM  GMfiOO  1  also 

[12).  Thus,  we  wondered  if  the  CaR  might  stimulate  PTHrP  suppressed  PTHrP  secretion  by  40%  at  O.SmMCaJ'.andby 

secretion  through  transactivation  of  the  EGFR.  about  50%  in  3.0  and  7,5  mM  Ca£+  medium  (Fig.  6).  These 

High  Ca^+  stimulated  PTHrP  secretion  in  PC3  cells  in  a  findings  indicate  that  EOF  and  HB-F.GF  activate  the  EGFR 

dose-dependent  manner  (Fig.  4).  This  stimulation  was  even  under  basal  conditions  and  that  high  Caif,f -induced 

inhibited  by  20  pM  PD98059  and  by  0.7  pM  AG  1478.  PTHrP  secretion  is  suppressed  by  blockade  of  the  CaR- 
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HB-EGFAb  f|ig/inl) 

Kg.  5.  Neutralizing  antibody  against  HB-EGF  inhibits  basal  and  high  Ca^-inriu-sed  PTHiP  secretion  in  PC-3  cells.  Cells  •were  prdttcnhafcd  with  various 
concentrations  of  HB-EGF  antibody  for  30  min  and  treated  with  low  or  high  C\,  ‘  for  6  b.  PTHrP  released  into  lb?  rssatSiuis  was  determined  by  IRMA  as 
described  in  Mafcrhts  and  methods  and  was  expressed  as  the  fold  increase  (percent)  relative  to  control.  H=%,  mean  ±  SEM;  *P  <  0.05  vs.  no  KB-EGF 
antibody  group  in  corresponding  Cal.*. 
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Fig.  6.  MMP  iidiibhorsisfiprcsKssPTHrPsicrcIfan  in  low  as  well  as  Mgh  Ca^4.  Cells  were  prdrcirhatod  with  10  gM  OMtfOOt  for  30  min  and  treated  with  low 
and  high  CaJ+  ferSfc.  PTHrt*  refcasud  into  the  nxdiism  was  sfctoTcincd  as  described  in  Materials  and  methods  s»d  expressed  as  fold incr<ass.  (percent)  illative 
to  control  jV  -  3,  mean  ±  SEM:  *P  <  0.05  ra.  corresponding  basal. 


EGFR -ERK  pathway.  The  former  result  seems  compatible 
with  the  presence  of phosphorvlatcd  EGFR  signal  at  0.5  rrtM 
Ca*!  even  after  serum  starv  ation  (Fig.  3). 


Discussion 

EGF  has  been  shown  to  induce  FTHrP  secretion  in 
human  prostate  tissue,  mammary  epithelial  cells,  bone, 
breast,  kidney  and  lung  cell  lines,  kcrafinoeytes,  osteosar¬ 
coma  cells,  epithelial  cancer  cells,  and  rat  leydig  tumor  cells 
[26  -  32],  This  induction  has  been  reported  to  involve  both 
transcriptional  and  posttranscriptiona!  mechanisms  [32  -  341. 
The  likely  involvement  of  the  PKC  pathway  in  EOF- 
induced  secretion  of  PTHrP  in  cultured  mammary  epithelial 
cells  [29]  was  shown  by  the  additive  effect  of  PM  A  and 
EOF  on  the  induction  of  PTHrP  ntRNA.  Multiple  GPCR 
signals  converge  on  the  receptor  tyrosine  kinases  (RTKs), 
particularly  the  EGFR.  Some  widely  studied  examples 
include  the  angiotensin  H- induced  hypertrophy  of  cardio- 
myoeytes  via  transactivation  of  tire  EGFR  and  subsequent 
activation  of  MAPKs,  and  the  F.T-I  -induced  phosphoryla¬ 
tion  of  the  EGFR  in  human  ovarian  carcinoma  cells. 

PTHrP  participates  in  promoting  growth  in  PC-3  cells, 
which  express  a  functional  PTH1R  [6].  Previous  work  has 
shown  that  the  level  ofPTHrP  expression  is  higher  in  prostate 
cancer  than  in  normal  prostate  tissue  and  that  PC-3  cells 
secrete  a  significantly  higher  amount  ofPTHrP- 1  34  than  do 
the  Dll- 145  and  LNCaP  prostate  cancer  cel!  lines  [35,36]. 
PTHrP  and  the  PTH1R  are  co  -expressed  in  both  primary 
prostate  cancers  as  well  as  in  bone  mctastascs  [37].  In 
addition,  PTHrP  seems  to  influence  cell  adhesion  by  enhanc¬ 
ing  the  synthesis  of  several  extracellular  matrix  proteins  and 
some  integral  subunits  [381.  These  findings  suggest  that 
PTHrP  may  also  play  a  critical  role  in  promoting  tumor 
invasiveness  and  skeletal  mctastascs  through  paracrine- 


autocrine  and  probably  intraerine  mechanisms  [6],  although 
overexpression  ofPTHrP  did  not  accelerate  bone  metastasis 
in  a  murine  breast  cancer  model  [39j.  In  an  in  vivo  study 
neutralizing  antibodies  to  PTHrP  or  guanine  nucleotide 
analogs,  which  inhibit  PTHrP  gene  transcription,  not  only 
decreased  osteoclastic  bone  resorption  but  also  inhibited  the 
development  of  mctastascs  to  bone  by  human  breast  cancer 
cells  [40,41].  Furthermore,  the  intraerine  actions  ofPTHrP 
can  prevent  apoptosis  under  certain  circumstances  [42], 

In  the  present  study;  we  showed  that  high  Ca?*  stimulates 
PTHrP  secretion  via  CaR- mediated  activation  of  ERK  in 
PC3  cells  and  demonstrated  that  this  activation  of  ERK  is 
mediated  by  transactivation  of  the  EGFRbutnotthe  PDGFR 
through  activation  of  MMPs,  followed  by  cleavage  of 
proHB-EGF  to  HB  -EGF  (Fig.  7).  The  CaR  belongs  to  the 
superfamily  of  GPCRs,  some  of  which  have  previously  been 
shown  to  be  associated  with  RTKs;  for  example,  the  angio¬ 
tensin  II  ATI  receptor,  bradykinin  B2  receptor,  vasopressin 
VI  receptor,  chotecystokinin  CCK1R,  gastrin  CCK2R,  and 
bombesin  receptors  stimulate  the  ERK  cascade  via  activation 
of  (5q/n  followed  by  transact! cation  of  the  EGFR  [22.43- 
49],  Because  these  peptide  receptors  can  also  activate  <3* 
proteins,  there  appear  to  be  two  pathways  activating  the 
MAPK  cascade  via  G  proteins.  Activation  of  Gq/i  t  and  G; 
can  stimulate  PKC  and  PI3K,  leading  to  Raf-MEK-FRK 
activation.  Because  the  CaR  is  thought  to  couple  to  both 
G«gu  and  some  iso  forms  of  G;  [14- 17],  it  could  activate  the 
dual  pathways,  PKC  and  PBK,  as  well  as  transaefivate  the 
EGFR.  In  fact,  in  our  preliminary  data,  pre-incubation  with 
either  PKC  or  P13K  inhibitors  suppressed  ERK  activation 
and  PTHrP  secretion  to  some  extent  in  PC3  cells.  In  addition, 
p38  MAPK  and  JNK/SAPK  inhibitors  also  partially  sup¬ 
pressed  high  Ca?, ’-induced  FTHrP  secretion  (Yano  et  a!., 
unpublished  data).  Therefore.  PKC,  P13K,  and  other  MAPKs 
could  be  activated  directly  by  foe  CaR  or  indirectly  mediated 
by  EGFR  transactivation,  and  this  might  explain  the  partial 
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Fig.  7.  Schema  ofCaR-iittfoced  EGFR  tmaactivattan  in  PC-3  cells.  Acirvatfon  offfcc  CaR  stimulates  MMFs,  following  cleavage  of  proKB-ECP  to  satetotc 
HB-EOF,  which  activates  the  EiFR,  Pix)=phoryl;itlon  of  the  ECxFR  stimulates  the  Ras-Rat- MEfC- l-’RK  pathway',  which  is  Involved  in  regulating  PTHrP 
synthesis  or  secretion. 


inhibition  of  PTHrP  secretion  as  vvell  as  ERKl/2  phosphor¬ 
ylation  in  the  present  study, 

Transacrivation  of  RTKs  has  been  considered  as  a 
mitogenic  pathway  for  GPCRs.  Because  high  CaC '  stimu¬ 
lates  cell  proliferation  via  the  CaR  in  several  cell  types  [50 
54],  the  CaR-EGFR-ERK  pathway  could  be  involved  in 
such  cases,  although  other  pathways,  that  is,  p38  MARK  or 
PI3K,  might  also  participate  in  regulating  proliferation 
[55,5b],  When  we  evaluated  eel!  proliferation  6  h  after 
stimulation  with  high  Ca**,  there  was  no  significant  change, 
suggesting  that  CaR -induced  changes  in  cell  number  did  not 
affect  the  present  data.  Yet,  because  high  Ca"/  most  prob¬ 
ably  stimulates  cel!  proliferation  as  well  as  PTHrP  secretion 
via  EGER  transactivation  in  PTHrP  producing  cancer  cells, 
further  stu  dy  is  necessary  to  evaluate  any  effects  of  the  CaR 
on  cell  proliferation  and  Survival. 

In  conclusion,  activation  of  the  CaR  transaetivates  the 
EGFR,  but  not  the  PDGFR,  leading  to  activation  of  ERKl/2 
and  resultant  PTHrP  secretion  in  PC-3  cells.  This  trans¬ 
act!  vat  ion  is  most  likely  mediated  by  CaR-mediatod  activa¬ 
tion  of  MMP  and  subsequent  cleavage  of  proHB-EGF  to 
HBEGF. 
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